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Effect of polymer foam morphology and density on 
kinetics of in vitro controlled release of isoniazid from 
compressed foam matrices 

Yting-Yueh Hsu/ Joseph D, Gresaer/ Dcbra J. Tranlolo/ Charles M- Lyons/ Pattisapu R- J. Gaxigadharam/ 
and Donald LWise^^ 
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02U5; ^Cambridge Scientific, Inc., 195 Comnwn Street, Belmont, lyfassachusetls 02178; ^Mycobacteriology Research 
Laboratory, University of Illinois at Chicago, 635 South Vfolcatt, Chicago, Illinois 60612 



The purpose of this study was to compare the effert of poly- 
mer foam moTphology and density prior to compaction on 
the kinedcs of isoniazid (INH) release from Oie final hig^-' 
density extruded matrices. The feasibility of preparing low 
density foams of several biopolymers, including poly(L^ ■ 
lacfcide) (PLLA), poly(glycolide) (PGA), poly(DL-lactide<(>- 
glycolide) (FLGA), poly(7-ben2yl-L-g!utamale) (PBLG), and 
poly(propylene fiunarate) (PPF), via a lyophilizadon tedi- 
nique was investigated. Low^ensity foams of FLGA, PBLG], 
and a mixture of PLGA and PPF were Successfully fabri- 
cated by lyophilization of the ho2Gn polymer solutions ei- 
ther in gladal acetic add or in benzene* The morphology of- 
these foams depends on the polymer as well as the solvent 



used in 4te fabrication process. Thus, PLGA produces a cap- 
illary stmcture when lyophilized from benzene solution and 
a leaflet structure from glacial acedc acid, but FBLG yields a 
leaflet structure from benzene. Matrices were prepared by 
impregnating these foams with aqueous solutions of INH, 
removing the water by a second tyophilization> and then 
compressing the low-den^ty INH containing foams by com- 
paction and high-pressure extrusion. The resulting nonpo- 
n>us matrices had densities of approximately 130 g/cm . In 
Ultra kinetics were in accord with the Roseman-Higuchi dif- 
fusion model and demonstrate that release rates depend on 
the initial foam density, while foam structure has tittle in- 
fluence on the release kinetics. 0 1997 John Wiley & Sons. Inc. 



INTRODUCTION 

The use of porous biopolymers as drug excipients in * 
controlled-release systems, smd as cell scaffolding in 
tissue engineering, has stimtilaied great interest in re- 
cent years.^^ The use of open polymeric foams in the 
preparation of release systems has been shown to 
minimize the initial burst and yield slower release 
rates. The reductions appear to be the result of effec- 
tive trapping of the active agent within the matiix 
following high-pressure compaction of the drug- 
impregnated foam.^ Porous biocompatible polymers 
also appear to serve as a scaffold for tissue legenez^- 
tion and inay function even more effectively by incor- 
porating growth factors. One example, the healing of 
hard-tissue defects/ was reported by Jamshidi et al.^^ 
who used a porous coating of polylactide to control 
the release of coralline hydroxyapatite for the resur- 

*To whom correspondence should be addressed. 



facing of damaged articular cartilage* Several patents 
and articles regarding the use of porous PLGA as bone 
graft substitute devices have also been reported.^' 

To understand the factors which govern the release 
of active agents entrapped in compacted polymeric 
foams, we first explored several bipclymers by exam- 
ining the feasibility of their fo<xm formation^ followed 
by foam characterization. These characterized foams 
were then systematically investigated by selecting sev- 
eral parameters which may affect the release of the 
active agent, including the selection of the biopoly- 
mers^ the effect of solvent on the foam structure for 
dissolving polymers, and the effect of foam density on 
release rates. We also measured the diffusivities of the 
antituberctilosis drug isoniazid (INH) in the resulting 
matrices by applying a kinetic model developed by 
Roseman and Higuchi.^^ We have shown this analysis 
to be applicable to release of the INH from cylindrical 
PLGA matrices.*-" 



journal of Biomedical Materials Research, Vol, 35, 107-116 (1997) 
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MATERIALS AND METHODS 



Materials 



Isoniazid w^s pxirchased from Sigma Chemical Co, 
(St. Louis, MO). Poly(DL-lactide-co-glycoUdes), lactide * ' 
to glycolide weight ratio of 85:15 (PLGA-85:15) a3f\d 
75:25 (PtGA-75:25), were obtained from Polysdences 
(Warrington, PA). Poly(DL-lactide-a)-glycolide) with 
a 58:42 (PLGA-58:42) weight ratio of lacHde to gly- 
colide was obtained from American Cyanamid Co. 
(Wayne, NJ). Poly(L-laclide) and poly (glycolide) were 
purchased from Medisorb (Du Pont Co., Wilmington, 
DE). Poly('Y^benzyl-L-glutamate) (PBLG) with a mo- 
lecular weight of 150,000 was obtained from Sigma 
Chemical Co. Solvents (acetone, 2-propanol, and gla- 
cial acetic acid) were obtained from Fisher Scientific 
(Pittsburgh, PA). INH, PLLA, PGA, PBLG, and sol* 
vents were used ^^dthout further purificatiotu The PLr 
GAs were purified via precipitation prior to use as 
described below. Poly(propylene fumaiate) was syn- 
thesized by the direct esteriiication of fuxnaric add 
(Fisher Scientific, Fair Lawn, NJ) with propylene gly- 
col (1,2-propanediol; Aldrich Chemical, St. Louis, MO) 
by an adaptation of the procedure described by Sand- 
erson,^^ pumaric add and propylene glycol were used 
as received. 



PLGA purification 



ice-nacetone bath at -78*C After complete removal of 
the solvent as judged by the absence of the pungent 
odor« the polymer foam was removed from the flask 
for measurement of its buOc density^ molecular weight 
(M glass transition temperature (PA and mbiphoi- 
ogy. ' 



Foam characterization: density, molecular weight, 
glass transition temperature, and morphology 



Foam density as a function of solution concentration 
was measured by liquid displacement. A sample of 
foam of weight W was immersed in a graduated cyl- 
inder containing a known volume (V,) of water. Air 
was removed hom the cylinder in a series of brief 
evacuation-repressurization cycles to force water into 
the interstitial'spaces of the foam. Cycling was contin- 
ued until no air bubbles were seen emerging from the 
foaziu The volume difference then recorded (V2 - Vj) 
represented the volume of polymer only. The water- 
impregnated foam was then removed from the cylin- 
der and the volume (V3) then recorded. The quantity 
Vj - Vj/ Ih? volume of water held by the foam, was 
identified as the void volume, and - Vj was the 
volume occupied by the polymer alone. Thus, the 
foam density, can be expressed as 

(V, - V3) + (Vj - V,) " (V, - V3) • ^ ' 



PLGA-85:15, PLGA-75:25, and PLGA-58:42 were 
purified prior to use. The polymer was dissolved in 
acetone (5 g/dL) and the solution slowly added to 
2-propano] with continuous stining. A volume ratio of 
100 mL of polymer solution to 500 mL of 2-propatu>l 
was not exceeded. The fibrous precipitate was 
vacuum dried (<1 mm Hg) at room temperature for 48 
h prior to use. 



Low-density polymer foam preparation 

Sufficient polymer was dissolved in a 100-mL 
lyoph-lock flask (Fisher SdentifSc) containing either 30 
mL gladal acetic add or benzene to form the desired 
concentrations. The solution was then frozen at -10°C, 
followed by lyophilization to remove the solvent The 
conditions of lyophilization were as follows: the fro- 
zen polymer-solvent solution was kept in a ice bath 
under a vacuum of <1 mm Hg for at least 7 days. 
Solvent was collected in a solvent trap cooled in a dry 



The densities of the solid nonporous polymers were 
determined by compacting samples at 49*'C and 19,100 
psi to form solid discs of known dimensions. Ihe 
weights, as well as the volumes of the discs were taken , 
for computing the, polymers' solid densities {dp). The " 
densities of PLGA-85rl5, PBLG, and PLGA-85:15/PPF 
(50/50 wl %) were ISO, 1,65, and 1.74 g/cm^ respec- 
tively.. Because (Va - Vj) represents the volume of 
solid poljoner, the quantity W/d^ may be substituted in ^ 
the above equation. 

Molecular weight before and after foam formatiati^ 
was determirxed by gel permeation diromatograi 
(GPQ on a Waters Associates Ultrastyragel 10* A 
Strom column using a tetrahydrofuran mobile phase^ 
a flow rate of 1 mL/min. Instrumentation, rising'" 
600/600E system controUei;, consisted of a 410 di 
ential refiractometer, 468 tunable ultraviolet (UV) 
detector (the former was used for GPC)^ and di 
pump multisolvent delivery system. Data anal; 
based on polystyroie standards for caiibration^.y^ 
performed with the Maxima 825 software pn5gi^ 

Thermal analyses of the foams were conducted- 
ing a differential scanning calorimeter (DSC; Me 
DSC/TG TA 4000) with a 5^C/min heaiing;f 
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Samples weighing about 5-10 mg were analyzed in 
aluminum pans each time. 

Foam morphology was examined by scanning elec-7 
tron microscopy (SEM). fvlicrographs were taken on.' 
an Anuray AMR-^lOOO scanning electron microscope. 
The interior structurfe of the foams was accessed by 
cooling in liquid nitrogen and fracturing ihem in the 
desired direction. 



The ground and 'sieved INH-po!ymer matrices 
were loaded into a cylindrical extrusion mold 
equipped with interchangeable dies. The assembled 
mold was then mourned onto the hydraulic press- 
The pressure was then set and the mold was heated 
by external healing tapes to the minimum temperature 
at which extrusion would occur at that pressure. The 
diameter of the extruded rods was approximately 
2 mm.' * 



togrc^lion of low-density polymer foams 



Isoniazid was incoxporated into the "low^denisity " ' 
polymer foam by immersing the foam into m aqueous ' 
INH solution of known concentration. The* solution'- 
was pulled into the pores of the polymer foam by 
repealed cycles of evacuation and repressurization. 
Water was then removed by a second iyophiUzatidn. 
Lyophilization was continued imtil Ae weight of im- 
pregnated foam remained unchanged. The gain ih' \' 
weight of polymer foUowing impregnation was takeii 
as the weight of INH incorporated into this low- 
density polymer. 

The INH loading in this low-density polymer can bV '** 
predicted by Equation (2), in which C is the INH aque- 
ous concentrarion, pp is the density of the solid poly-" 
mer, pp is the foam density, and f , is the void fraction 
of the foam (densities and concenbraUon in gran\s per 
milliliter). As can be seen, drug loading can be in- 
creased by increasing the void fraction and also by 
increasing the drug concentration (Q in the impreg' ' 
nating solution. 



INH loading 
(w/w) 



In vitro piocedume 

: One-centimeter' lengths of the extruded rod 
were immersed in' 40 mL of pH 7 phosphate-buffered 
saline (PBS) contained in a SO-mL plastic vial (Nalgene 
3139-0050) (PBS composition: Na^HPO^, 0.0134AI; 
.NaH2p04*HjO, a0726M; NaCl 0,0753M adjusted to 
pH 7.0 with NaOH or Ha). Vials were held in a ther- 
mostatted shaking bath (Shaking Water Bath 25; Pre- 
cision Scientific) set at 37°C and operating at 40 
qrdes/min. Aliquot samples of 5 mL were removed at 
various intervals for spectrophotometiic analysis of 
the INH content and replaced with an equal volume of 
fresh buffer. Each matrix was run in tiiplicate. Absor- 
bance was measured at 262 nm^ the observed maxi- 
mum oiF INH in PBS, on a Gary 1 spectrophotometer 
(Varian). The extinction coefficient was previously de^ 
.termined by linear regression of a Beer-Lambert plot 
In the concentration range of 15-60 M-g/inL the extinc* 
tion coefficient (slope) was 32.11 absorbance units 
(AU) per unit concentration (mg/mL), or 4404 L mor' 
cm"*- The intercept was 5.97 x 10^ and tfie correlation 
coeffideiit was 0.9997. 

, Measured absorption was converted to fraction re- 
leased, F, by the following equation, which takes into 
.account the quantity of INH discarded with each ali- 
quot saxxiplei 



Grinding and extrusion 

The Impregnated polymer foam was compressed by 
placing it between two smooth heated metal plates 
maintained at 1500 psi and 48'*C by a heating tape for 
24 h. The compression was accomplished by a hydrau- 
lic press equipped with a constant pressure controller 
(Compac Model MPC 40-1; Slenhoj Co,, Denmark). 
The impregnated polymer foam after compaction 
Was a flat, hard* white disk. The disk was dipped 
into liquid nitrogen for 2 min to make it brittle, and 
then ground while cold in a water-cooled Tekmar 
A-10 mill. The product was sieved through stan- 
dard Tyler mesh screens to retain the 125-l80-|Jim 



where . 

' M = initial weight of HMH in the rod, mg 
e ^ ex tinction coefficient, AU/mg ml"^ 
Aft = absorbance of the nth aliquot sample 

V = total volume of solution = 40 ml 

V = volume of aliquot sample = 5 ml 



I fraction. o„>, ; „ - ^ ^ i 
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^ Solubilities of INH in PLGA-B5:15, FBLG, and 
PLGA-FPF 

Isotiiazid solubility in Pl.GA-90:lO was measured 
previously*^ to be 15 mg/cm^ via a film-caBting 
method. The same metfiod was used again lo deter- 
mine the INH solubilides in PLGA-85:15, PBLG; and . 
50:50 wt % PLGA-PPF. Briefly, INH and the polymer 
were codissolved 5n 50 mL of methylene chloride. The 
solution was cast on a Teflon sheet lo form a film. The 
air-dried film was then examined microscopically for 
the emergence of precipitated drug particles ► INH par- 
tides were observed at 1.5 wt % in PLGA'85:15 films, 
1,0 wt % in PBLG films, and 1,5 wt % in PLGA-PPF 
fUms, yielding 22^ mg/cm^ INH solubility in PLGA- 
85;15, 12.4 mg/cm^ in PBLG, and 21^ mg/cm^ in PL- 
GA-PPF. 



RESULTS AND DISCUSSION 

Five polymers were selected for their solubilities in 
gladal acetic acid and benzene: PLLA, PGA, PPF, 
PBLG, and several lactide-glycolide copolymers (PL- 
GAs). Because of their superior biocompatibility and 
biodegradadon, PLLA, PGA, and their copolymer, 
PLGA, are among the family of Food and Drug Ad- 
ministration-approved polymers fliat are used in re-' 
sorbable sutures and drug delivery systems." The use 
of porous PLGA-85;15 foam for preparing a con- 
troUed-release matrix containing INH has been re- 



TABLEl 





' • Melting Point^* 


Vapoi Pressure'* 


Gladal* acetic add 
Benzene 


16.7X 


lOnunHg at 17^°C 
. 40mmHgal 7.6-C 



PLLA was observed as soluble in a hot glacial acetic 
add solution at Only the PLGAs and PPF were 
soluble in glacial acetic add. The result is shown in 
Table n. 

The structures of the resulting polymeric foams, 
prior to the drug impregnation and compaction, were 
examined by SEM and are shown in Figures 1-4, As 
can be seen from these SEMs, the morphology of each 
polymer foam shows different porous structures, de-. 
pending on die polymer and solvent used for foam 
preparation. Generally, PLGA foams prepared from 
glacial acetic add have leaflet or platelet structures of 
more or less parallel thin' films, while PLGA foams 

• prepared fifdm, benzene display capillary structures. 
» PBLG yidded a leaflet structure from benzene. These 

structures can be easily, identified in Figures 1 and 2, 

• which show PLGA-85;15 foams prepared from gladal 
acetic add and benzene as solvents, respectively;, 
PBLG with lAy, ^ 150,000 was lyophilized to fomi. 
foam from a benzene solution. Its structure, shown iiv 
Figure 3, is characterized by leaflets rather ftan by 
capillaries observed in PLGA-benzene foams (Fig- 2 
This indicates that the foam structure is det 
not only by the solvent but also by the polymer, 
attempt to make PPF foams did not succeed; PPF p 
ddes remained after the solvent was totally remov 



the 



ported to reduce the release rate of INH »J ^jj;^ S^st^gests that the low^molecular-weight PPF (MJ; 
the initial burst as well as the sample variability. PPF aiiw atAg^c^^ — o 



has been explored as a component of bone ceiilent. 
Gerhart et al.^^ formulated a biodegradable cement 
using methyl mediacxylate monomer to crosslink the 
unsaturated PPR Wise et al.^ further used PPF with 
vinyl pyrrolidone (VP) as a crosslinking agent to form 
a bone cement Sanderson" reported the use of a PPF- 
VP cement for controlled drug release and showed 
that release from these crosslinked PPF matrices is 
controlled by surface erosion rather than by diffusion. 
This release mechanism is contrary to the release 
mechanism from PLGA matrices, in which diffusion 
controls the release. As PPF, an unsaturated polyester, 
and PBLG, a polyamide, are expected to have different 
degradation rates and polymer crystaUinity, it is inter* 
esting to compare kinedcs of release of a model com- 
pound such as INH. Two solvents, gladal acetic add 
and benzene, were selected for preparation of foams 
by Jyophilization, These solvents have relatively high 
melting points as well as high vapor pressures near 
their melting points, and thiis are favorable candidates 
for lyophiUzation (Table 1). 

Wlule benzene readily dissolved PLGAs, PPF, and 
PBLG, it did not dissolve PLLA or PGA. However, 



- 7600) cannot provide sufficient strength to supj 
foam structure. This result implies a low-end linUM 
molecular weight in this polymeric foam f^brica 
method. Nevertheless, a polymer composite foam 
taining 50 wt % of PLGA-a5:lS and 50 wt % of ^ 
■ was successfully made by lyophilizadon of a g^? 
acetic add solution containing both polymers. I^j 
let-like morphology is sh6wn in Figure 4. 

The results of other foam characterization, inclu 
foam density, molecular weight* and glass ^ 

TABLE n 



Pc^ymers 


Glacial Acetic Add 


PLUV 


• 


PLGA^45 




PLCA-7S;2S 




PLCA-5B:42 




PGA 




PPF 




PBLC 





soluble; - = insoluble. 
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Figure 1, Scanxwg electron micrograph of PLGA-d5;15 foam prepared by lyophilization of glacial acetic add solution, 10 
KV. Original ma gni flection xlOO. 



temperature, are summarued in Table HI, These foam 
characteristics are compared with the characteristics- of 
the as^received polymers prior to foam formation. 
Thermal analyses of the foams were conducted by dif- 
ferential scanning calorimetry (DSC) to determine 
their Tg's, The results indicate that PLGA-85:15, PPF, 
and their mixture, the PLGA-PPF foam, were still 
amorphous and showed single glass transition tem- 
peratures of 59.3''C, 30.7^C, and 54^*C, respectively. 
In contrast, PBLG showed no detectable glass transi- 
tion peak in the thermal graph, indicating fiiat PBLG is 
more crystalline than ihe others. The glass transition 
temperatures before arul aRer foam formation are cor^^ 
sidered to be unchanged for each fo«im. The observa* 
tion of a single Tg rather than dual T^'s in the thermal 
graph indicates ttiat the PLGA-PPF foam was a ho- 
mogeneous mixture. 

The resulting foam densities were always observed 
to be higher than their polymer concentrations^ i.e^j the 
foam volumes after lyophdlizadon shrank to less than 
the original volumes of the polymer solutions. To 
compare the foam shrinkages for the polymers used in 
this study, a polymer concentration, 45 mg/znL, was 
selected to prepare the low-density foams. This con- 
centration yielded foam densities ranging from 5L3 to 
77.6 mg/cm^ depending on the polymers CTable IE). 
This shrinkage is considered to result from the mo- 
lecular rearrangement which occurs during lyophili- 
zation. In an amoiphous polymer, the polymer chaii^s 
are distributed in a completely random manner, and 
thus possess greater mobility than crystalline polymer 



n,.,: I. 



phous polymer would have a greater chance than 
those of a crystalline polymer to move and re-form 
when the holding solvent is removed, and thus tend to 
approach a minimum volume. This is evidenced by 
the aggravated shrinkage occurring in amorphous 
polymer foam formarions. To show this effect, we 
have calculated the ratios of the foam densities to their 
original polymer concentrations and reported the vaK 
ues in Table 111. Obviously, the crystalline PBLG has 
the highest ratio of foam density to polymer solution 
concenlration (0»889); that is, PBLG shows least 
shrinkage during foam formation. On the other hand, 
amorphous PLGA-PPF has the lowest value of that 
ratio (0.815), indicating that shrinking effect is maxi- 
mal for this ^orphous polymer. 

The molecular weights before and after foam forma- 
tion were essentially imchanged within experimental 
error. Based on this GPC result and the observation of 
unchanged Tg's after foam formation, it can be as- 
sumed that neither solvent caused polymer degrada- 
tion, 

We have shown in related work that entrapment 
of INH microcrystals between polymer leaflets 
prior to matrix extrusion would minimize release 
through channels along grain boundaries while 
providing a more continuous lattice through which 
diffusion of INH would have to occur.^ Based on 
this result, we prepared several controlled-release ma- 
trices using the polymer foams described in the 
previous section for \n vitro evaluation of INH release. 
PLGA-85:15 foams were prepared from both 
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fina! jpatnx varied only from 18.3 to 21.5 wt %. Thus, 
we were able to examine the effects of foam structure 
and density for several polymers on INH release. The 
characteristics of these matrices are summarized in 
Table IV. 

/n vitro release profiles are shown in Figures 



Several features immediately apparent are listed be- 
low* Numbers in parentheses are matrix IdentifLca* 
tions. 

1, Foam density has a significant influence on the 
release rate. Figure 5 shows that the matrices pre- 




Figtire 3, Scanning electron micrograph of PBLG foam prepared bv Ivophilization of benzene solution, 10 KV. Original 
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pared from lower-density foams release INH 
more rapidly ttian froni higher-density foams 
The matrix (65^2), prepared from the composite 
foam of PLGA and PPF, released much faster 
than the matrix prepared from PLGA^:15 foam 
(32-79), This suggests that the effect of faster re- 
lease is likely attributable to the lower-molecular- 
weight PPF in the composite foam, which usually 
aDowed greater absoiption of water into the ma- 
trices to diffuse'^ (Fig. 6). 

The selection of a solvent in making foams does 
not show a pronounced effect on the release. We 
compared the release r^les from two PLGA ma- 
hrtces prepared from glacial acetic acid foam (32- 
79) and benzene foam (65-63), and found that the 



release from the benzene foam was not signifi- 
cantly different from that from the glacial acetic 
acid foam (Kg. 7) as determined by statistical 
analysis using the methods of Tukey.*^ 
4. INH released from the PBLG foam matrix (65^) 
was compared with its release from PLGA mab^x 
(65-63). Figure 8 shows that the PLGA foam ma- 
brix released more rapidly than PBLG foam ma- 
trix. This is in accord with expectations. PBLG is 
a crystalline polymer. The transport of INH mol- 
ecules through a crystalline polymer is usually 
restricted because the transport proceeds mainly 
via the amorphous regions. This is analogous to 
the permeability as observed in membrane sepa- 
ration technology. The permeability strongly de- 




^Weight average moiecuJar vveight 
Polymer used /or foam formation. 
sL^S^"^^-^^ S^9dal acetic acid foam. 
l^^-^^'^^ benzene foam. 

•PR? r'P^^^^f 5^««' acetic add foam 

roi-G benzene foom 
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TABLE IV '^ >> 
DescripfioTi of- Matrices^ 



Matrix ID* 

32-79 
65-60 
65-^1 
6W2 
65-63 
65-64 
65-65 



Pdyaier 

PLGAnB5:I5 
FiGAn65:15 

PLGA-PFF 

PLGA«:15* 

PBLG 

PtGA-a5:15 



Sotvent' 

GHAc* 
GHAc 
GHAc 

' GHAc 
Benzene^ 
Benzole 

I Benzene 



Foam Density . 
- ■7a7t)ri:.1.45 

35,69 *r3.62 



*RQd diameters varied from 1^ to 170 mm (see Tabic V), - ' • 



INHAq-Conc 
16^ 

:2ao 
20lO 
6S 



Loading wt. % 



18.31 
2LQ5 
19.04 
21.45 

19.46 
20.64 



pends on the degree of cxystailtnify'of the mem- 
brane, . ^ . > ' 
Release kinetics were analyzed by the Rosematv- 
HiguchJ diffusion model which had been confiimed to " 
fit Qie INH release kinetics from INH-PLGA matri- 
ces, ' The cumulative Jxaction released versus tune 
curves may be linearized by plotting data as 



(4) 



where 



P = cumulative firacQon released at time t days 




. C - solubility of drug in the polymer^ xng/cm^ 
D = diffusiyity of the drug in the polymer^ cm^/day 
A = conc^tiation of INH in the matrix, mg/an^ 
a^'p rod radius, cm 

The correlation coefficients (R^) for the linear regres- 
• sion and the diffusivities cakulated from the slopes 
are given in Table V. 

The linearity confirms that the release kinetics for 
the foam-basea matrices fits the Roseman-Higuchi 
diffusion model, implying that the release mechanism 
is diffusion controlled. The resulting INH diffusivities 



60 r- 



^ 10 IS EO 25 30 35 40 

Time, days 

Sm'' ^L:^^^^''^ ^^^"^ cumulative release of 

matnx 32-79 (•) (p,= 70.7 im^; matrix 65^0 S) (p,° 
443 mg/on^ matrix 65^1 (A (p,o 85.9 mg/on^. ^ 




10 



IS £0 25 
Time, days 



30 35 40 



Figure 6. E£fect of polymer on cumulative release of INH; 

^S?^? l^J^ ^•^ (PLGA.8S:15 foam); matrix 65-^ (■) 
(PLGA-PPF foam). 
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• 80 r 



20 



15 20 25 
Time, days 



30 3S 40 



Figure 7. Effect of solvent on cumulative release of INH- 
maWx 32-79 (■) (facial acetic acid); matruc 65-63 (•) fben- 
zene)« ^ ' ^ 




10 



15 20 25 
Time, days 



30 35 40 



Figtire 8. Effect of polymer on cumulative release of INH- 
matnx 65^ (0) (PLGA-85:15 foam); matrix 65-65 (•) 



rar^ge from 0,9^Z59 ^ KT* cm^/day. It is interesting 
to note that these diffusivides aie between those cal- 
culated for INH release (or for a molecule of ftiat mo- 
lecular weight) from natural rubber (1.98 x 10^^ cm^/ 
day) and from polystyrene (4-30 x l(r^ an^/day) 
This indicates that the INH release from the foam- 
based matrices is controlled by drug diffusion taiher 
than by polymer degradation. (Othervrise, the calcu- 
lated diffusivides for INH release from the matrices 
should be greater khan those from nondegradable 
natural rubber or polystyrene.) 



INH owing to the low-molecular-weight PPF which 
appears to compromise the integrity of the foams 
Contrary to FLGA-PPF foam matrix, PBLG foam ma- 
trix has the slowest release because of high crystallin- 
ity, PLGA-8S:15 foam matrix has the medium release 
rate between PLGA-PPF matrix and PBLG malrbc. 
The density of the polymer foam has a significant in- 
fluence on the release rate: Higher-density foams re- 
sult in slower release. It is concluded that the release 
mechanism of the foam matrices is lattice diffusion 
controlled. 



CONCLUSIONS 

A fabrication method for preparing porous biopol- 
ymexs is described. The method, using either glacial 
acetic add or benzene as solvent can successfully pro- 
duce porous, low-density polymeric foams of several 
bxopolymers, including FLGA, PLGA-PPF, and PBLG. 
The structures of these porous foams are generally 
classified into two categories: leaflet and capillary, de- 
pending on the polymer and solvent used in fabrica- 
tion. In vitro release of INH ftom the matrices pre- 
pared from PLGA-85:1S, PLGA-PPF, and FBLG foams 
shows significant differences in release kinetics. The 
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TABLE V 

Results Ql In Vitro Release Measurements 



Matrix 
ID- 



Slope K 



Rod 

Diameter 
(nun) 



[INH) 

(mg/ctnV 



32-79 0X0541 0.9a 1.67 

65-60 0i)1036 0.98 , 1.69 

65-61 0JDO433 Ml IJO 

65-62 OJ^ISS a94 1.66 

6S« 0X0609 0.99 1^9 

65-64 0X0572 0.95 L66 

65-65 0X1061 0.93 1.67 



163.1 
2103 
190.4 
214.5 
189.9 
194.6 
206.4 



1.15 X 10-* 
Z59 X 10-* 
0.99 ^ 10^ 
2.92 X IQ^ 
1.38 X 10-* 
1.28 X 10-^ 
^59 X 10"^ 



^•TTiree replicates were nm for each matrix. 
Cor^lation coefficient for linear regression of (1 - F)M\ 

-1/21 ' DNIS:2738300 ' CSID: ' DURATION (in[n-ss):2M0 
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Abstract 

The immunogcniciiy of a cytotoxic T ccU epitope (CTL) represcnimg residues 52-60 from measles virus (MV> 
nucJeoproiein. encapsulated in poly(lac«de^.glycolide) (PLG) micropartides was evahiftted after nmcosal immunizaUon. 
After intranasal administmiiOTi of tfift encapsulated CTL epitope linJced at the citfbOKyl termiaiis of two copies of a T-helper 
epitope (Tr-NP6), pcptide-specific and MV-specific CTL responses were detected in splenocyles. However, these responses 
were lower than the responses obscrwl when the Tr-NP6 peptide was administered intrana&aUy in saline or using CTB as 
an adjuvant. Intranasal coadministratioiJ of the encapsulated TT-NP6 peptide with CJTB did not lesuU in any significanx 
potendadon of the CTL responses. The effectiveness of biodegradable PLG microparticles for mucosal delivery of CTL 
epitopes, combined with ihcir excdlcaii tissue compatibility and biodegradability suggests that they represent a valuable 
delivery system for syntheuc iirnnunogeiK. However, furfter work is needed to define the reqniremcnis for effective 
absoxpdon by the nasal epitXieUum. 

KtysronU: CytPtcrfc T cell epitope; hiiraaasal imnwmizaiion: Measles vims; PolyCtactldo-co-glycolide) raicropartkle 



1. Introdnction 

Although most human ^thogens gain entrance 
via the mucosal surfaces, the majority of die cur- 
rently available vaccines have been developed for 
systemic immunization. To a large extent this re- 



' Con«spondinB author. Present addiess; Department of Paihot- 
ogy {ind tnTecftous Diseases. Ttie Royal Vctaidoty Colhse. Royal 
COUcge ScrecL londoa. NWI OTU. UK. Tel.: (44) 171 468 5318; 
Fnc (44) 171 383 4670. 
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fleets the relative difficulty in achieving effective 
mucosal immunizatioa. Numerous studies in animals 
and humans have pmvided convincing evidence that 
protection against a variety of viral and bacterial 
mucosal pathogens can be obtained by oral or in- 
tranasal vaccination (Moldoveanu et al., 1993; 
Tamura et al., 1992). This has resulted in an intense 
search for safe and tsronunogenic mucosal vaccines. 
However, a major problem has been the poor 
bioavailability of antigens delivered mucosally, due 
to proteolytic degradation. For this reason much 
attention has been directed towards the development 

rights reserved. 
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of delivery systems for mucosal vaccinadon and 
PLG micropardcles have been considered a candi- 
date for mucosal vaccine delivery. Unlike soluble 
antigen, mcosally administered aniigen entrapped in 
PLG micTOparticles can induce good local and sys- 
temic antibody responses (Hdridge et al., 1991; 
Maloy et al., 1994). However, the ability of this 
delivery system to induce CTL responses has not 
been extensively studied. Intraperitoneal delivery of 
PLG encapsulated MV CTL epitopes induces long 
tenn peptide- and MV-specific CTL responses (Par- 
ddos et al.» 1996a). In this report, we describe the 
potential of PLG microparticles for the adniifllstfa- 
don of peptides representing MV CTL epitopes via 
the mtranasal route. 



2. Materials and methods 

The NP6 CTL epitope from MV nucleoprotein 
(NP), lepresenling residues 52-60 (LDFJLVRLIG) 
(NP6) (Beanverger ct al., 1994) was co-Hneariy syn- 
thesized using Fmoc chemistry at the carboxyl termi- 
nus of two copies (TT-NP6) of a T-helper epitope 
(T) representing residues 288-302 from die fusion 
protein of MV (Parados and Stewarf. 1990; Parttdos 
et al., 1996b). The chimeric peptide was encapsu- 
lated in PLG microparticles by a solvent extraction 
method as described previously (Jones et al., 1995). 
The mean diameter of the microparticles was L88 
fLtn and die efficiency of encapsulation was 30%. 

The immunogenicity of TT-NP6 peptide was 
tested after intranasal administration of groups of 
three CBA mice (6-8 weeks old) with 50 /ig/dose 
of peptide eitiier encapsulated (group A), free in 
saline (group B) or coadministered with cholera toxm 
B subunit (CTB) (Sigma, 10 ^g/dose) fire peptide 
in saline (gnuip C) or encapsulated peptide (group 
D) in 30 ^1 volume of phosphate buffer saline on 3 
consecutive days. Mice were boosted 3 weeks later 
with a sii>gle dose of 50 Mfi/dose of peptide encap- 
sulated (group AX free in saline (group B) or coad- 
ministered with CTB (10 /4g/dose) free peptide in 
saline (group C) or encapsulated peptide (group D). 

Two weeks after intranasal administration, im- 
mune splenocyces were harvested and restimulaied In 
vitro with die NP6 peptide f6r 7 days. On day 3. 
10% (v /v) rat Con A supernatant (as a source of 



IL^2) was added lo the cultures. CTL activity was 
assessed using the '^^Cr release assay as described 
previously (Paitidos ct al., 1996b). 



3. Resultd and discussion 

The potential of the intranasal route for mucosal 
immunization was tested with the encapsulated TT- 
NP6 chimeric peptide As shown in Fig. 1. effector 
splenocytes from mice immunized with the TT-NP6 
peptide with CTB as an adjuvant or free in saline 
could lyse L929 (panel a) or NS20Y (panel b) 
(Rager-Zisman et aL, 1984; Gopas et al.» 1992) 
target cells pulsed with I fiM of NP6 peptide or 
perslslentiy infected with MV (panel c) more effec- 
tively than effector cells from mice immunized with 
encapsulated TT-NP6 peptide. No significant lysis 
was observed in non-pulsed target cells. Further- 
more, when mice were hriinunized intranasally with 
encapsulated TT-NP6 peptide coadministered with 
CTB, no significant potentiation of CTL lysis was 
observed to either L929 (Fig. 2a), NS20Y (Fig. 2b) 
target cells pulsed with 1 /iM of NP6 peptide or to 
NS20Y/MS persistentiy infected with MV target 
cells OFig. 2b). 

For the development of synthetic peptide im- 
munogens with the potential to induce CTL re- 
sponses, the peptides must have the ability to insert 
into Che cell membrane of antigen presenting cells 
(APCs) and facilitate processing via the class I path- 
way. The finding that PLG microparticles can act as 
a delrveiy system for CTL epitopes suggests that 
after being taken up by APCs they can escape into 
tiie cytoplasm where the released CTL epitope could 
then be transported to the endoplasmic reticulum by 
a cytoplasmic peptide transporter (Yewdell arid Ben- 
nick, 1990; Discoll and Finley, 1992). Thus, the CTL 
epitope gains access to me pathway for class I 
presentation. Smdies by Eldridge et al. (1991) have 
suggested that the predominant mechanism of im- 
mune enhancement by microparticles is the direct 
intracellular delivery to accessory cells of high con- 
centrations of antigen incorporated within the 
copolymer matrix. Indeed, microparticles can be 
rapidly phagocytosed by macrophages (Tabata and 
Ikada, 1990) which can serve as APCs for die gener- 
ation of CTLS (Debrick et al.« 1991). 
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Fig. I. CTL activity bduced after uitrano^al priming of groups of 
CBA mice with ihe TT-NP6 pepxldc administcrod frofc In saline 
(*), cncapsulttied Id ?tO micrapaiticles (♦) or coadministensd 
with CTB (■), After in vitro TcstimnUtjoD Cf ^enocytzs with 
NP6 peptide, cfTeoor celU were cocuimred vith L929 (a). NS20Y 

ib) taijct cdls pulsed ( ) or non-pulsed i — -) with 1 

fM of NP6 peptide or Ihc pe«lstendy infected MY NS20V/MS 

cell line ( ) (c) ai the inificaied E.T raiioL Sponuowtw J 

rcletct£ was 12% for LW9 «U« and 24% for NS20Y and 
N$10Y/MS ccUb of the total release by deteaifiem in ftll assays. 
Data repj^eat the mean of triplicates for each B:T ratio after 
pooling the spteco cell£ from groups of three mice The SO of 
(HpUcaie welto was consistently less than K0% of the mean. 



^gicai biahods 195 (1996) I3S-!38 

The effecttveoess of IPLG micropaitides as a 
deKveiy system is further highlighted by their abUity 
10 induce CTL tesprascs after intranasal immuniza- 
tion. Successful induction of systemic' and mucosal 
antibody responses after mucosal administration of 
PLG microparticles has been reported for several 
microencapsulated antigens (Moldovcanu et ai., 
1993; Hdridge ct al., 1990 and in recent reports 
PLG microparticles have been shown to prime for 
ovalbumin (OVA>specific CTL responses after par- 
enteral and oral immunlzadon (Maloy et ah, 1994) 
and HiV-spedfic CTL responses after intranasal pri- 




100:1 S0:1 98:1 i7:i 6:1 S:1 

ratio 




B:T rBllo 

Fig. 2. CTL activity induced after intranwa) Ddministtation in a 
BTOvp of three CBA oniee of encapsulated TT-NP6 peptide >^iib 
CTB. After in vhro lesUmiilation of fipleoocytes wiih NP6 pep- 
tide, effector cans were coculured wiib L929 (<»), NS20Y (b) 

target cells pulsed (— ) or non-pulsed ( ) with 1 

of NP6 peptide or with Oie pezsistently Inftcied MV NS20Y/MS 
cell line (b) (* • • •) ai ihe iktdioaied EiT ratio. Sponta- 
neous release was 10JS% for L929 cells and 28% for N$20Y aad 
NSZO/MS cells of the touQ release hy detergent in all assays. 
Data rtpiesent the mean of faiplieates for each B:T ratio after 
pooling the spleen cells from a group of three mice. The $D of 
tdpltcate wells was oonaisteatly Less than 10% of the mean. 
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mifiig with encapsulated gpl20 protein (Moore et 
1995). The results presented here are consistent with 
these findings and demonstrate for the first time the 
potential of PLG microparticles for the delivery of 
syndietic peptides representing CTL epitopes via the 
intranasal route. However, the responses with the 
encapsulated peptide were lower Chan the responses 
observed after intranasal administration with free 
peptide in saline or free peptide coadministered with 
CTB. This suggests that die microparticles might not 
be absoii)ed efficienUy by the nasal epithelium. It 
has been suggested that soluble antigens may easily 
penetrate the whole nasal epithelium as compared to 
particulate antigens which may be removed quickly 
from the nasal mucosa by the mucociliary system 
(Kuper et ah. 1992>. Moreover, although CTB has 
been suggested to exert its adjuvanticity by enhanc- 
ing the transepidielial influx of the vaccine into the 
nasal mucosa where the immunocompetent cells arc 
located (Gizurarson et ai., 1992), its coadministration 
with the encapsulated peptide did not resuli in any 
significant potentiation of CTL responses. Thus, al- 
though it appears ihat biodegradable PLG micropar- 
ticles can act as an effective delivery system for 
mucosal immunizauon of synthetic peptides repre- 
senting Viral CTL epitopes, further work is needed to 
define the requirements for moie effective absorption 
by die nasal epidielium. 
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Gene gun-based nucleic acid 
immunization: elicitation of humoral 
and cytotoxic T lymphocyte responses 
following epidermal delivery of 
nanogram quantities of DNA 

Tamera M. Pertmer, Michael D. Eisenbraun*, Dennis McCabe, 
Sudhirdas K. Prayaga, Deborah H. Fuller and Joel R. Haynesf 

Particle-mediated (gene gun) DNA transfer to the epidermis i^as evaluated for its ability 
to elicit humoral and cytotoxic T lymphocyte responses using decreasing quantities of 
plasmid DNA-based antigen expression vectors. Using plasm ids encoding human growth 
hormone, human alpha- 1 -antitrypsin, and influenza virus nuckoprotein, strong immune 
responses were observed in mice following immunization with as little as 16 ng of DNA 
using an electric discharge gene delivery system. Significant antibody titers were observed 
against these antigens following a primary immunization, with responses rising dramati- 
cally following a boost. Increasing the DNA tlose above 16 ng per immunization had little 
beneficial effect. In contrast to particle-mediated DNA delivery, intramuscular or 
intradermal inoculation required greater than 5000-fold more DNA to achieve comparable 
results. Data are also presented demonstrating that a Simple, hand-held version of the 
Acceir"* DNA delivery system, employing compressed helium as the particle motive force, 
achieves immune responses comparable to the traditional electric discharge device. 

Kcynorib: Gene ^un; DNA inimuniz'Jiion; mAucn^ii: sk'in 



Nucleic acid immunization involves the direct in vivo 
adminisiraiion of antigen-encoding expression vectors 
for the purpose of eHciting antigen production and 
resuJtani specific immune responses' ^. This technology 
mimics live attenuated vaccines in that antigens are 
produced in rheir native conformation and are presented 
in the context of MHC class I nnd class 11 molecules to 
elicit cytotoxic cellutar and humoral immune responses^ 
respectively. This report is an extension of the study of 
Fynan ef cil!^, in which it was demonstrated that particle- 
mediated (gene gun) delivery of an influenza virus 
hemaggiutioin expression vector to the epidermis was 
superior to intramuscular inoculation for the eJicitation 
of protective immunity in mice. Using three new antigen 
expression vectors, we demonstrate that the AcceW^ 
panicle-mediated gene delivery system'-^ eHcils primary 
IgG responses following a. single imnsunization with as 
little as 16 ng of plasmid DNA and that the respective 
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tilers can be boosted by 5- to 10-foW following a second 
immunization^ The induction of simitar responses via 
iniraniuscular inoculation required >5000-fo1d more 
DNA. We show that this diflTcrcnce in e£Scacy is likely 
due to the method rather than the site of delivery since 
intradermal inoculations also required > 5000-fold more 
DNA to approach the titers obtained following particle- 
based DNA immunization of the skin. Finally, we 
demonstrate that a simple, hand'held gene delivery 
instrument thai uses compressed helium as the panicle 
motive force can achieve invnunological results similar 
to those obtained using the more traditional and 
complex electric discharge device. 



MATERIALS AND METHODS 

Expression vectors 

pCMV-hGH contains the human cytomegalovirus 
(hCMV) immediate eady promoter and encodes human 
growth hormone*. pCMV-hAAT encodes human alpfaa- 
1 -antitrypsin (hAAT) and was constructed by inserting 
the 1.4 kb Not I fragment derived from pKPl-hAAT 
(Dr Kaihy Ponder, Washington University, St. Louis^ 
MO) into the pCMV/? vector (Clonetech. Palo Alto, CA) 
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fo)j6.wiTig digesiioD >vi«b Noi I to remove ihe bcia- 
^galaclosidase gene. pCMV-NP was a gifl of Dr Kari 
Irvine* National Cancer Insiituie, and contains the 
compieie nucleoprotein iNP) coding sequence from 
influenza virus A/PR/8y34, 



ParticJc-mediaied DNA immunizations 

Plasmid DNAs were accelerated inio ihe abdominal 
epidermis of 6-8-weck-old female BALB/c mice using 
the electronic AcceW' gene delivery system (Agracelu$ 
Inc, Middleion, Wl) as previously described* " ^ except 
that the skin was not pretreaied in any way except for 
the removal of fur in Ihe local area using clippers. All 
immunizaiions uiilizcd a delivery cncrpy of 15 kV. 
Epidermal immunizaiion^ employing hand-held, 
helium-powered Acit^U" instrument contained O.S/ig of 
DMA and 0.5 mc of 0.95 micron gold powder usinc n 
helium pressure selling of 400 p.s.i. Tlie inyirument is 
described in a recent PCT patent application *. 

Intramuscular and intradermal DNA inocu)aiion!» 

All iniramuscular DNA immunizaiions involved 
injection of the quadriceps with 0.05 ml of 0.9'^ saline 
containing from 1 lo lOO/ig of plasmid DNA. All 
immunizations were administered invasively to anexlhe- 
Uzcd mice to guarantee proper placement of the inocu- 
lum. After anaesthetizing 6-8-wcek-old female BALB/c 
mice' -, a 15 cm incision wu5 made through ibc skin 
along Ihe inner Ihigh lo expose ihe leg muscle groups. 
This was followed by injection of the DNA soluiion into 
the quadriceps anU subsequent closure of the incision 
with suffiical staples. Intradermal DNA immunizations 
were as described'^. 



Antibody titer detcrminatjon 

Collection of blood samples and anlibody liter deter- 
minations were as described previously*'^. For lilralion 
of influenza nucleoprotcin IgG samples. 96-welJ plates 
were coated with deicrgeni-disrupied influenza virus 
(50>zl per well of vjru? strain A/Pri/8/^4). In this case, 
suflScient virus was disrupted in lysis bufifer (0.5 ivl 
Tris-HQ (pH 7.8), 0.6 M KQ, 0-5% Triton X-lOO) for 
S min at room temperature and then diluted with PBS to 
a Andl concentration of 4000 HA units per ml. 

Cytotoxic T lymphocyte assays 

Cytotoxic T lymphocyte responses to influenza 
nucleoprotein were measured as previously described' 
except that the synthetic nucleoprotein peptide 
(TYQRTRALV)'° was substituted for the HlV-1 gpl20 
peptide. 

RESULTS AND DISCUSSION 

Figure J shows the results of two immunization trials 
comparing the endpoint IgG tilers diciied to human 
growth hormone fliGH) and human a- 1 -antitrypsin 
(hAAT), respectively, following intramuscular (injec- 
tion) or epidermal (gene gun) DNA immunizations 
using three diflerent doses of DNA. In all cases, geomet* 
ric mean titers following a single immunizauoD were 
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Figure 1 Six groups of three lemale BALB/c mice were each 
ImmunteQd on days 0 and 2 B wilh the indicated amount ol eilher 
pCMV-hGH or pCi^V-hAAT DMA, eilher by iniramuscular inoculafion 
or via particte-mediated DNA «telive*y (gene gun) to the abdominal 
epidermrs. SenJm samples were ooitecied on days 28 ai%d 42 lo 
measure primary and booster responses, respectively. Pane* A. 
pCMV-hGH immunizations; Pane! 9. pCMV-hAAT irtwnunizalions. 
Gray bars, geometric mean liters lollowing Ihe primary Immunii- 
alion; solid bars, geonrietric mean liters toUowkg the booster 
immunization. Open cirdes show tilers ol individuat mice 

highest m the gene gun-immunized animals and the titers 
obtabed were independent of the amount of DNA 
employed (1.6-0.016 DNA per immunization). The 
efficacy of the gene gun immunizations was further 
enhanced following a booster immunization in which the 
tilers of all groups increased by 5- to 10-fold. In con- 
trast, geometric mean liters in the intramuscular groups 
were considerably lower except for the group that re- 
ceived the 100 ;ig hAAT DNA immunizations. In the 
laner case, the responses were similar to those observed 
in the gene gun groups that received as little as 16 ng of 
DNA per immunization. 

To determine if the enhanced immune responses fol- 
lowing particle-mediated, intracellular delivery were due 
to the method rather than the site of delivery, a similar 
dose titration study was performed using an influenza 
nucleoprotein (NP) vector and substituting intrademal 
inoculation® for the more traditional intramuscular 
injection approach. IgG and cytotoxic T lymphocyte 



VARninn 1995 Volume 13 Number 15 

PAGE 1V46 * RCVD AT 1/8/2007 8:45:23 PM [Eastern Stands 



i^f. JAN. 8.2007 8:48PM 



PABST PATENT GROUP 




B 



SO 

I 

•J 
u 

I 

3D 



o 


n O 








o S 










ill 


1 




Hi- 


0 Q 1 



riQtire 2 Six groups oJ Ihrge famsJe BALB/c mice were each 
Irtimunixed oh day 0 and another six groups were immgnJ?ed on 
days 0 and 2B with the Indicaied amounls of pCMv-NP ONA. either 
by inuadermal inoculation or via partiCTe-mediajed ONA delivery 
(gena gun) to the abdominal epidermis. Seium samples and splano- 
cytes vyere collected on day 28 lor the animste ihal received onty a 
single Immunization, Serum samples and splenocyie$ v^^re col- 
lected on day 42 ior the animals lhal received two immunizations 
Panel A, tgG responses lo np (gray bar^. geomelnc mean liiers 
following primary immunt^dUon: solid bars, geomatric mean tlie/s 
following iwo immuniialions). Panql CTl, responses to NP (gray 
bars, average percent ly&is loDowing primary Nhmunization; solid 
bars, average percent lysis following two immunizai'ions). All 
etfector-to-target ratios were 2S:l. Animals rv>ar|(ed "control" were 
immunized wilh Irrelevant DNA 

responses from this experimeiii are shown in Fij>t4i^ 2, 
Panels A and B. respectively, Sirailur to the previous 
comparisons* the strongest responses Were observed in 
the gejie guQ-immunized unimals with litile evidence tor 
a decrease in efficacy following reduciion of the dose to 
as little as 16 ng of DNA per immunizitiign* In contrast, 
geometric meiin titers in the ininidermaJly injected 
nnimals were not as pronounced, even followine injec- 
tion of as much us 100 ;ig of DNA. The cytot^oxic T 
lymphocyte responses in these sume animals v^ere con- 
sistent with the IgG results in ihui dosage effects were 
not observed in the gene gun-imm united groups, but 
were seen following intradermal inoculation {Figure 2b). 
Control animals indicated in fij^urt 2b were immunized 
with irrelevant DNA. Additional controls in the CTL 
assay included coating target cells with irrelevant pep- 
tide in which background lysis vaJtjes of |0% or less were 
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Table 1 NP-spedlic IgtS tilers fotJowing panide-medialed immuni- 
zalion wilh pCMV-NP ONA usfng the eleclric discharge and helium 
puisa Instwments. Non-immunited control animals exhibited IgG 
titers of less than 1:10 (not shown) 
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observed (not shown). NP-specific lytic activity was also 
Shown to be associated with the CD8'*' T cclj fraction 
following fractionation of lymphocyte subsets (not 
shown). 

While this report and others have indicated that 
particle-mediated DNA immunnsation is an effective 
means of eliciting humoral and cytotoxic T lymphocyte 
responses in animal models, it has traditionally required 
an electronic instrument that is not practical for wide- 
spread clinical use. However, recent advances in gene 
gun technology have resulted in the development of a 
simple, inexpensive, hand-held Acceir' DNA delivery 
device thai is better suited for particle-mediated gene 
delivery in clinical settings^ The effectiveness of this 
instrument for administration of nucleic acid vacdncs is 
shown in Table J in which the immune responses to NP 
were compared in animals immunized with 0.5 /ig of the 
NP vector using either the electric discharge or the 
helium pulse devices. Essentially identical responses 
were obtained in both groups of animals, demonstrating 
a potential clinical role for particle- based DNA delivery 
technology in the area of vaccination and immuno- 
moduiation. 
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p9Jy(D,L-Lactide) Microcapsules 
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Diphlheria lOXOid, which js an importanl vaccme in ilje expanded 
pTDgram of immunizflUon (EPI) in the developing eounui>$, >v&5 
inicrocncapsulared \i5ing poly(D.L.-lacildc) of 49.000 molecular 
wcigbi and the iA-waier drying lechnique. The microcapsules were 
subjected 10 an i>i vbro amigen release siudy using » scnsiiWe ci> 
«yme-Iinkcd immunosorbent assay (EUSA) developed in the labo 
ratory. Antibody dlcrs in immunized Balh/C mice were a)so deter- 
mined using direct ELlSA. The antibody umts in the immunized 
group till day 75 were quite comparable to those in the ^oup re- 
ceiving conventional ihicc-dose injection of diphtheria toxoid with 
calcium phosphate a$ an adtjuvanl. SEM photographs or the micro- 
capsules during in vitro degradaUon demoq^initcd the erosion kioel* 
ICS of the polymer^ leading to controlled releas e of the anu'een. 

KEY WOKDS: vaccine delivery; biodeeradaWe microcapsules; an- 
ligen EUSA; erosion kineUcs; antibody tilers. 



iNmoDucnoN 

ControUed-release techno)oey has recently shiHed its 
emphasis from low molecular weight drugs to high molecular 
Weight macromolecules, because many of the future drugs 
wiJI be of recombinant DNA origin baving high molecular 
weights. This development has led to newer polymers with a 
greater degree of biocompatibiliiy and reproducible degra- 
dation kinetics (1^). Vaccines are an example requiring 
novel controWed-release lechnology (3-5). Most vaccines re- 
quire two or three primary immunizations^ followed by a 
booster for optimum immune response. If one iitjection of 
the immunizauon siihedule is missed, h leads to manifold 
loss of effective antibody iiter3. Accoiding to WHO siaiis- 
Ucs, more than 30% of the palicnls do not return for the ne?n 
injection at each time point of the immuoization schedule. 
The impact of noncompliance is most severe in the third 
world coufllries, where more lhan a million children die each 
year from vaccine-preventable diseases. 

Ideally one would Lke to see the development of a con- 
trolled-delivcry system that would release two or three doses 
of the vaccine in a programmable manner at one "single 
contact point administration.'* Such one-lime vaccination 
under an expanded program of immunization would reach a 
greater percentage of the target popujatioo and afford pro- 
tective antibody titers. 

Diphtheria toxoid (MW 62.000) was chooscn as a model 
vaccine, as it is a common vaccine in the immunization 
schedule worldwide and the toxoid, bcmg a denatured pro* 



^- ie:Wfp^^nii few stafiSJty problem^ th'Simmu^ 
nicily pf Se toXoid is WeU recorded'^ Si^ studiS carriu. 
out at this institute on ja-hcG-DT; an anlifertility-VaccmS 
has shown that the carrier DT is stable at 37'Cfor 12 months 
with no loss of iramunogcnicity either in vitro or in vrvo. it 
Id the present study, diphtheria toxoid (DT) was raf 
crocncapsulaicd using biodegradable poly (D,L-laciidc) poiyi. 
mer, and the \n vUro release monitored using an eiutym^' 
linked immunosorbent assay (EUSA). The immune rclvf 
sponse to the antigen was determined in Balh/C mice. The ^ 
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antibody titers, between a group receiving a conventional I^^JL 
dose of DT with calcium phosphate as an adjuvant and a WMP^i . 
group receiving subdermaUy implanted microspheres, were ^^F^'^'Si 
compared. "^{^ ^^"^^ 



MATERIALS AND METHODS 



Materials 



Diphtheria toxoid (MW 62,000) having a concentration 
of 3500 Lf/ml (limes flocculation, the International Unit for 
vacdncs) and a protein concentration of 15 mg/ml, was ob- 
tained from Serum Institute of India; Pune. Poly(D,L- 
Laclide) was obtained from Birmingham Polymers Inc. (Bir- 
mingham, AL) and Boehringcr Ingelheim (FRO), Dichlo. 
romethane, polyvinylpyrrolidone and polystyrene standards 
were obtained from Aidrich Chemical Company, Inc. (Mad- 
ison. WI). D,t-Lactic acid was obtained from Sigma Chem- 
ical Company (St. Louis, MO). The other chemicals were 
obtained from commercial suppliers and were used as re« 
ceived. 

Quantitative Estimation of Diphtheria Toxoid 

Diphtheria toxoid (DT) was measured by an enzymc- 
tinked immunosorbent assay (ELISA) 10 estimate in vitro 
release rates from microcapsules and in vivo antibody titers 
in mice (6-9). Antigen (DT) detection was carried out using 
polyclonal sera containing anlj-DT antibodies raised in goats 
to estimate the amount of antigen being released in the dis- 
persion medjun) by the microcapsules. The 96-wclI £L1SA 
plate was coated with increasing concentrations of DT in 50 
mM coaling phosphate buffer of pH 7.4 (from 10 to J 00 ng/ 
well). The plate was incubated at 37'C for 1 hr and then 
washed with phosphate buffer saline (50 nM» pH 7.4) with 
0.2% Twecn 20 (washing buffer). Then lOO of the antise- 
rum (diluted 1:800) was added to each well, and the plate 
again incubated at 37'^C for 1 hr. After incubation the plate 
was again washed with washing buffer thrice at an inier/al of 
5 min between each washing. One hundred microliters of the 
conjugate Prot^A horse radish peroxidase (dilution, 
1:25,000) was added to each well and the plate kept for i»- 
cubauon at 37"C for J hr. After incubation the plate ^as 
washed with the washing buffer thrice, and 100 pJ of 
substrate (0.05% of O-phenylenediaminc and 0. 1% of hydro- 
gen peroxide in citrate phosphate buffer) was added to each 
wclL The plate was incubated at 37't: for 15 min and then the 
reaction in each well was stopped with the addition of 50 \^ 
5 N sulfuric add. Absorbance was read at 492 nin on ^ i 
ELISA plate reader (Eurogenctics, NV, Belgium), The ab-V 
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sorbancc-vj-conceniration plot wa$ h'near from 10 lo 100 ng. 
Each unknown sample was nsn with a standari) curve in 
duplicate. 

For the deienninaiion of the antibody units in vivo the' 
assay principle was the same, the only dliference being the 
coating of Hxed antigen conceniration initially and adding 
varying diJulions of the standard and test andsera. The sec- 
ond antibody was not limiting in these estimations. The an- 
tibody units were calculated by multiplying the dilution of 
ihc test sample by its absorbance reading. 

Polymer Synthesis 

For the above study both presynthesized commercial 
polymers and polymers synthesized m our laboratory were 
used. Poly(D,L-lactide} was synthesized using 160 g d,l- 
lactic acid monomers and 6 g activated ion-exchange resin 
(Dowex), The polycondensaiion reaction was performed at 
ISS'C for 8 hr under vacuum and constant stirring. The re- 
suliant polymer had a low molecular weight (6000) as deter- 
mined by gel permeation chromatography (GPC), !A Waters 
GFC system was used with Ultrastrygel covilmns and a re- 
fracuve index detector. The eluent used was letrahydrofuran 
(THF) at 30°C and a flow rate of 1.0 ml/min. The commercial 
presynthesized polymers were also subjected to molecular 
weight determination, in compari$on with standard polysty- 
rene samples in THF. Poly (D,L-lac tide) obtained from Bir- 
mlneham Polymers, having a viscosity of 0.75 dl/g and a 
molecular weight of 49,000, was also used because the low 
molecular weight of the synthesized polymers made them 
unsuitable for long-term release study. 

Microencapsulation 

The vaccine was microencapsulated using the in-water 
dryii^ method (10-13). To \ ml of PBS (50 mAf . pH 7,4), 150 
Lf units of the vaccfae and 100 mg of gelatin were added. 
w.,J J'olylD^Lrlactidc) (1 g) was dissolved in 10 ml dicholoro- 
^^ methane. This organic sokUon was gradually added to the 
^^^qucous phase containing the vaccine with high-speed mix- 
^U'lns on a ultrasonicaior to form a fine emulsion. The lemper- 
#M lowered to lO^C by keeping the emulsion in ice lo 

If <^«ase its viscosHy» This viscous emulsion was not added 
- ^ diop by drop to a 0. 1% polyvinylpynrplidone solution in wa- 
. tcr with stining to yield a w/oAv emulsion. The minute glob- 
,ulcs separated to form distinct microcapsules. The micro- 
^^c^p&ules were agiuted for 2 hr to aid compjete solvent evap- 
grj^ion. Finally, the microcapsules were filtered and 
uum-dricd. 

pl^Tq detennbc actual vaccine loading, 10 mg .of the ml- 
'"5^P?^tts was crushed and dispersed in 1 ml of PBS, and 
r>^. detetmined by BLISA. To each of 10 vials contain* 
^Jj;iil.of PBS, 10 mg of the microcapsules was added, 
gals jvere placed at 3rC fofin vitro release rate stud- 
Igg was estimated for its DT content in the disper^ 
jm each week by i^ISA. l^S""^^^^'^. ^ 

Ib?.^. w(r<» studiesVthiw of 10 mice each . 
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Fig, 1. Quanlitalive estioiatibn of OT dnliBco using ihc developed 
EUSA Bt 492 nm. The sensitivity is 2 ng and \he lineanty ranges 
fi-om 10 to 100 ng. 



phate, each at an interval of 30 days, were given, i.e., days 
0, 30, and 60. The third group served as a control. 

The initial microcapsules and those retrieved after 2] 
days of in vitro degradation were subjected to scanning elec- 
tron microscopic studies to determine the surface uniformity 
and the release characteristrics. A 35 JEOL SEM instrument 
with 1 00- A gold-palladium coating wa? used for this study. 

RESULTS AND DISCUSSION 

PoIy(D,L-laciide) of 49,000 molecular weight was se- 
lected for long-term release rate studies of the toxoid. The 
in-waier drying method gave mfcrocapsuies in the range of 
30-100 M^m. As this range of microcapsules can pass through 
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Fig. 3. SEM of poly(D,L.laciidcyDT microopsules ^kHer complete solvcm cvaporaiion and vacuum drying, (b) SEM of a larfift 

^U^V,^^'!^^^^ TT*^!"*!* 21 day. of fit wVo degmdaUoo in 50 juM PBS oi pH 7.4. (d) SEM of poSS.^ 
SLf^^wrrn'^l?^^^^^^ deeradaUon exhibirin, surface geonic.ry and hifih poroVly leading K L 

waicr uptake, (a, b) X300. (c) x200, and <d) x720; reduced ^% for repit>ducdon. 



an 18-gauge hypodermic needle, the preparations were not 
separated on basis of their size. The actual U units of DT in 
the mlcrocapsaJes was determined to be 93% of theoretical. 
The EUSA for the detcetion of in vitro release rates of DT 
was highly sensitive within the range of 10-100 ng (Fig. I) 
and bS samples were dilated to fall within this sensitivity 
range. 

The in viiro DT release from the mierocapsules was 88% 
of ihe actual vaccine loading in 60 days (Fig. 2). Thus the 
microcapsule matrix erodes sufficienily over 60 days to al- 
low depletion Qf the macromolecule through development of 
pores and craters on its surface, seen in the SEM studies. 
During the process of rnicrocncapsulaiion, a small loss of 
antigenic detenninanis could have occurred as the EUSA 
detected only 88% of the total vaccine loading. The SEM 
photographs (Figs. 3a-d) show that the degradation of the 
polymer is time dependent and erosion based. The hydro- 
lyiic cleavage of the ester bonds in the polymer backbone on 
the surface of the microcapsules leads to its degradation to 
lactic add monomers, resulting in the formation of craters 
and channels through which the antigen is released. As the 
erosion is lime dependent, a gradual but contt'nuous release 
of the antigen occurs fiom the microcapsule. 



a 
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DURATIOel IN DAYS 
Fig. 4, in vtvo antibody titers in the three groaps of BALB/c mice 
The antftody units coireapond to the product of ibc dilution of ibc 
scniro lo its absorbanee. (— Q— ) Group i^cclviug conventional 
ihrec-injcction schedule; (— group receiving poly(D4.-lactidc) 
microcapsules; (— ) the conuol group. 
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^j^Lowing equaiion can be applied, which i$ 
-^J^to$ion-b^s^<^ release of the drug (14). 

if/A/^ ^ fjaciiona) drug release 
* X« device erosion cons«ajii 

^ jninal drug concentration iinifomily 
disiribuicd 

0 « ladius of sphere or half-lhickness 
of the slab 

„ s. shape term: 1 for a slab, 2 for a 
cyhndcr, and 3 for a sphere 

1 B time period 

Pliji. by dcicrmining ihc degradation rate of a polymer 
^jro iJitilcctilar weight and knowing its initial drug con- 
J^-Hi. ii possible to predict the release rate of the 
'r^l«u1c occurring only through erosion. Another im- 
jCsj^paf^fncier controlling the rate of degradation of the 
££ i> pH and ionrc strength of the dispersion mt^ 
: {\i=}^>. further* as the degradation of the polymer 
s .^^^f il becomes more hydrophillc and shows greater 
^Wl^iiaiic because of the surface geometry of the degrad- 
landing to accelerated degradation and deple- 

i^'A^ mn^ nd). 

jllft fealibody titers till day 75 in the group immunized 
Vsl^TRtereCDpsulcs were comparable with those in the 
^'necdvlflg Ihc conventional three-injection schedule 
:;f|<Tt«NforC Ik slow antigen release yields comparable 
Ifttrs and did not seem lo develop any tolerance in 
l^msi model. Whether a triphasic pulsatile release 
^^^fCf d betlcr resuU remains to be studied. 
^^^Oftjelud^ that a denatured protein preparation such 
encapsulated using poIy(D.L-lactide) without 
i^^^'^f^^tnicily. The continuous release of the 
1 ^ntibody tilers over 75 days that were com- 
^^f.-9^?^^^"* ^'l^ conventiona] toxoid dose 
|vP!;f^!j?A«. ^ adjuvant. 

f^J?.^ !? ^^^^ Dr. Jagbir Singh, Dr. Ashish 
Amit Misra for their help in the in vivo 
^Sf^ ^ wholly funded by ihe Depart- 
'^.lii.Govcmment of India. A part of this 
E^jliii the International Symposium on 
"^tions and Technology, Ahmedabad, 
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Induction of secretory immunity 
with bioadhesive poly 
(D.L-lactide-co-glycolide) 
microparticles containing 
streptococcus sobrinus 
glucosyltransferase 

Smith DJ. Trontolo DJ, Kin^ WE Gusfk EJ. Fackler PH, Cresscr JD, De Souza 
VJU tVise DJU Induction ofxcretoty imrmtnUy wiih bioadhesive poly 
(D^lflCJide^co-glycolitieJ micropartichs containing Slrcpiococcos sobrfaus 
gfvcQsylfrons/erase. 

Oral Microbiol Immunol 2000: J5: J24-JB0, © Munksgaj»rd. 2000. 

The efTect of mucosal dcfivery of Sirepiococcus sobrinus glucosyltransferase 
(GTF) in bioadhtsive poly (DJL.lactide-co-glycolidc) (J^LGA) micropaniclcs on 
indoaion of salivary IgA and scrum IgG antibody responses was measurtd m 
Sprague^Dawlcy rais. Prepan^lions of GTF/PLGA/gelatin nucropartides, or 
PLC A/feelaiin microparlicles or GTF in alum, were admmisiered four trnics at 
weekly inicrvnJs by inlrtnasal or iniragaslrjc routes. Two subcutaneous 
injections of GTF in PLGA/gelaiin mjcroparticlcs or in alum were to 
separate groups of rots. Significant elevations m salivary IgA antibody levcU lo 
S sobrihui GTF were Observed only in ihc groups immunized intranasally 28 
days after immunizalioos were begun. Five of six lais given the GTF mjcioparticles 
iniranasany had positive saUvary IgA antibody responses to GTF, and the mean 
salivary IgA antibody Icvd of this growp was SO-fold higher than any ^^^^^ 
mucosally or sysiemicaDy Immunized group. Salivary IgA responses in the GTF- 
micropariiclc group remained significantly higher than all Other mucosatty 
immunized groups for at least 10 weeks afler the priradry JmmxMiaalion. All rats 
in this group demonsualed aspects of anamnesis followmg a more limited 
secondary co\3rse of intranasal a<ymjnistration. Intranasal admimstration of CjTF 
in microparticles also indticed a serum IgG response to GTF in some rata. After 
secondary intranasal GTF micropartide administratioD, several rats had 
^Stained serum IgG anUbody levels that were within the range of sera from rats 
subcutaneously injected with GTF in roicropartides or in alum. Thus intranasal 
delivery of GTF-containing bioadhe^ve micropartidcs induced the highest and 
longest lasting salivary immune response of any mucosal or systemic route or 
vehidc tested and could be c^spccted to be a useful method for induction of mucosal 
immunity. 
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GliicosyMransferisscs conrribule to the 
molecular pniho^enesis of miilans 
Slrcplococci, chiefly becnuse of their 
ability to synthesize e;itrncelUi)nr ghican 
Trom sucrose (5). Strstiegics for imniime 
ioterveniion in the processes lestding to 
dentiil cnries, therefore, have inchided 
ihe development of immune rtsponscs 
to izlucosyhmnsfcnisc (GTfO (14). Glu- 
can synlhcsis, which is the consequence 
of the catalytic action of GTF on su- 
crose» IS an miportanl component of the 
colonitaiion/ficciimuldiion potential of 
mXJlAns streptococci, nnd, thus the ex- 
pression of the virulence of these organ- 
fsms (S). GlticosyUransfenues (GTF) 
from mlilAns sricplococci can induce 
imm\)ne responses ihnt inhibit GTF 
cntiWylic activity (1S>, protect rodents 
from experimental dental caries (13, 
19), and interfere with rcaccumubtion 
of indigenous muii^ns sljcptococci in 
humans ()5, 16). These levels of experi- 
mental protect ion from mutans strcpto- 
cocc;i] colonization and disease can be 
achieved by topical (16), oral {13, 15) 
or intragastric (T3) applicatjOn of GTF, 
although levels of demonstrable IgA 
antibody induced lend lo be low and 
relatively short-lived. 

A continuing issue in mucosal vac- 
cine therapy is the problem of deliver- 
ing the vaccine to the site of antibody 
induction in an efficient and undc- 
graded state. One approach to this 
problem is to incorporate antigen into 
microcapsules for immunization. 
Microspheres and microcapsules made 
of poIy(]o,L-lactkJe-co-glycolide) 
(PLGA) have been used a$ local deliv- 
ery systems (K 2, 7) because of their 
ability to control the rate of release^ 
evade pre-existent anb'body clearance 
mechanisms and degrade slowly with- 
out cliciling an inflammatory ircsponse 
to the polymer. Particular ization of 
antigen also optimizes association with 
\f cells overlaying mductrvt regions of 
the secretory immune system (3, 1 1). 
However, the use of microcapsules os 
delivei7 vehicles for protein antigens 
has been somewhat problematic since 
most formulations require the use of or- 
ganic solvents, for example methylene 
chloride, which can denature the anti- 
gen and render much of it biologjically 
inactive. Limited bioadhedon and inap- 
propriate panide size for uptake by M 
cells have also limited the usefulness of 
this approach. However, a modification 
in PLGA microparticic manufacture 
has addressed the problem of antigen 
degradation by incorporating antigen 



into micropnrticles in an aqueous phase 
(6). Increasing the bioadhesipp of 
PLGA micropa nicies has also been 
shown to enhance particle uptake (20). 
These aniigen-loaded mjcroparticles, 
may, therefore, have the potential to 'm- 
diioe a long lasting mucosnl immime 
response. Th\is, the present study wjis 
designed to explore the ability of micro- 
particles containing S. sobrims glucos- 
yllransferase as antigen, and 1% gelatin 
as bioadhcsivc to induce mucosal im- 
munity by intranasal, intragastric or 
subcutaneous routes of administration. 

Material and methods 
Gtucosyl transferases 

GTF from Sireptococcus sobn'nus Strain 
6715 was obtained as previously de- 
scribed (18). After bacterial growth iji 
glucose-containing defined medium, en- 
zymes were isolated from culture me- 
dium by affinity chromatography on 
Sephodex G-IOO (Phurmacia Fine 
Chemicals^ Piscataway^ NJ) with 3 M 
guandinine HCl as the eluting solvent. 
This GTF-rich poo) was then subjected 
to FPLC liquid chromatography on Su- 
perose 6 (Pharmacia) with 6 M guani« 
dine HQ for chition. The gel filtration 
step removes non-GTF and other glu- 
can-binding proteins from the GTF 
preparation, as evidenced by the fact 
that the protein bands observed aAer 
SDS-polyacrylamide gel electrophoresis 
were all associated with enzymatic ac- 
tivity after incubation of duplicate gels 
in sucrose. The SirepitO€0<cus sobrinus 
GTF preparation obtained after gel fil- 
tration on Superose 6 contained a mix- 
ture of GTF isozymes including GTF-I 
and GTF-S but was essentially free of 
other proteins, Appro^dmately 90% of 
the glucan synthesized hy this prepara^ 
tion was wat6r-inso)ub)e, under the con- 
ditions of the assay described below. 
This preparation was used for micro- 
particle preparation, immunization ex- 
periments, enzyme assays and enzyme- 
linked immunosorbent assay (ELISA) 
measurement of antibody actNity. 

Microporticie preparaUon 

S. sobrinus GTF was incorporated into 
the PLGA-bascd biodegradable carrier 
using }% gelatin as a bioadbesive agent. 
Bioadhesives empJoyiog secondary 
forces are roost relevant for temporary 
attachment to M*ce]] surfaces prior to 
endocytosis, taking advantage of elec- 
trostatic interactions including hydro- 



gen bonding between charged hydro- 
philic groups (carboxyl. amino, sulfate), 
as ^vell as hydrogen bonding involving 
uncharged hydroxyl groups (4). Mech- 
anical bonding is facilitated by these 
secondary forces (12). Studies with 
mouse ligatcd loop models indicHted 
thai gelatin had superior bioadhcsivc 
properties compii red with Eudragit iind 
lectin; thus gelatin was selected for use. 

The PLGA copolymer (Boehrioger 
Ingelhcim Chemicals, Mannheim, Ger- 
many) was characterized with respect to 
molecular weight distribution using gel 
permeation chromatography (Ultra- 
sly ragel )00 A and Ultrasiy ragel Linear 
columns), A ratio of 75;25 lactidc: gly- 
colide was used in this experiment. A 
low density polymer foam was prepared 
by iyophilization of a polymer solution 
in glacial acetic acid. The polymer foam 
was cryogenically ground in a Tckmar 
Model A-10 analytical mill (20,000 
rpm) equipped with a cryogenic well, 
cooled With liquid nitrogen, enabling 
low temperature particle size reduction. 

S, sobrinus GTF (10%) and gelatin 
(1%) were dry mixed (wAv) wjih PLGA 
75:25 polymer. The matrix wa* tlien 
compressed and extruded hI a pressure 
of 15,00O«-2O,00O psi and at a tempera- 
ture of 45-55''C. High-prcssiirc ex- 
trusions ensure that the protein is fully 
incorporated with the polymer lattice 
with a concomitant redticiion in par- 
ticle porosity: this minimizes premature 
release of the active ae^l. The sized 
PLGA/GTT/gelalin blend was loaded 
into a mold and extruded through a 
2.4-mm-diameter die using a Compac 
TVpe MPC AO-i hydraulic press. Follow- 
ing extrusion the matrix was again 
ciyogcnically ground In a l^kmar mill 
and sieved to retain particles tess than 
45 )im. Gelatin/PLGA microparticles 
that did not contain GTF were pre- 
pared nnder similar conditions for use 
as a control antigen preparation. 

immunlzailon protocol 

The mucosal iromunogenidty of GTF/ 
1% gcladn dry mixed with PLGA^ 
75:25, compressed and Tekmar ground 
microparticles was measured in six 
groups (groups A through F) of 
Sprague-Dawley rats, uang the proto- 
col shown in Table ], Prior to fmmuniz- 
ation» all rats were bled from the tail 
vein and salivated for 10 min by gravity 
collection (10 mg pilocarpine nitrate/ 
kilogram rat nieight) under ether anaes- 
thesia. Immunization was initialed 
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Croups 


n 


Rowie 


(MS) 


Formubtion 


days 


d»ys 


A 


6 




0 


|%£cblin/PLGA 


a 7, H, 21 


103, 110,117 


B 


6 


Snironnsa) 


60 


CTFn% gel3U'i>/PLGA 


0. 7, M. 2J 


103, no, 117 


C 


5 
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when rals were approximniely 45 days 
old. Four weekly primary mucosal im- 
muniza lions and three weekly second- 
ary micosnl im muniza lions were per- 
formed in groups A-D. Subcuianeously 
injected rais (groups £ and F) were im- 
munized in ihe vicinity of ihe salivary 
glands on days 0 and 28. Rats that were 
mucosally immunized with antigen in 
PLGA were given a three-fold higher 
dose than rats immunized inlranasally 
with GTF in soluble form because ihe 
Ttlease data (Table 1) indicated ihni 
somewhat less than One third of the en- 
zyme in the GTF-Jo&ded mkropariicles 
was released 'm vttro. Animals injected 
wjih GTF/gelaiin/PLGA were given the 
same GTF dose as those mucosaJly im- 
munized with the gelatin-PLGA micro- 
pariidcs. All rats were bJed and sali- 
vated on 1, 3, 7 and 1 1 weeks after pri- 
mary immunization and 1, 3 and 7 
weeks after secondary immunization, 
Senira IgG and salivary IgA antibody 
were then measured by ELISA. 

Rats in groups A-C were intrsinasaUy 
immunized with 0,03 ml of micropar- 
ticle mixture distributed equally bo 
tween both nostrils with an Ependorf 
pipet. This dose was well tolerated by 
the intranasally immunized aoimals; 
thus, no anesthe^a was required for 
antigen administraiion. Rats in group 
D were immunized imragastrically with 
0.03 ml roJcroparticle miAture via a 20 
gauge, i.S-inch intubation needle (Poo- 



er & Sons, New Hyde Park, NY); T=bod 
was withdrawn 4-6 h before Immuniz- 
ation and 0.1 ml of 0.2 M sodium bicar- 
bonate was added immediately prior to 
antigen administration to reduce stom- 
ach acidity. Rats in groups E and F 
were ^bcutaneously injected with 60 |ig 
GTF/PLGA or 5 jig GTF in akuninwin 
phosphate. 

ELISA 

Serum TgC and salivary IgA antibodies 
were tested by enzyme-linked immuno^ 
sorbcnt assay (ELISA). Polystyrene 
microliter pjaies (Flow Laboratories. 
San Francisco, CA) were coaled with 
0.2 ml of 0.5 pg/m) of S. sobrinus GTF. 
Antibody activity was then measured 
by incubation with ):4G0 and 1:1 0,000- 
fold dilutions of sera, or 1:4, 1:16 or 
I:64-fold dilution of saliva. Plates were 
then developed for IgO antibody with 
rabbit anti-rat JgG, followed In se- 
quence by alkaline phosphatase goat 
anti-rabbit IgG (Biosource. Camarillo, 
CA) and ^-nitrophenylphosphate 
(Sigma Chemical Co., St. Louis, MO). 
A mouse monoclonal reagent to rat a 
chain (Zymed, South San Francisco, 
CA) was used with biotinylaicd goat 
anti-mouse IgG (Zymed) and avidin-al- 
kaDnc phosphatase (Cappd, West Ches^ 
tcr, PA) to reveal levels of salivary IgA 
antibody to peptides. Reactivity was re- 
corded as absorbance (^^405 nm) in a 



micro plate reader (Biotek Instrument s» 
Winooski, VT). Data are reported as 
ELISA units (EU) which were calcu- 
lated relative to the reactiviiy of appro- 
priate reference sera. 

Measurement of 5. sobrtnus GTF enzyme 
activity 

NiDe milligrams of micropa rticlg ^ ini- 
tially loaded with 0.9 mg of GTF, were 
incubated at 37'^C on a platform rocker 
in polypropylene tubes containing 1.6 
ml of phosphate buffered saline, pH 
6.5, with 0-2% bovine scmm albumin 
and 0.2% sodium azide. At each experi- 
mental time point aliquots were re- 
moved, Spun in a microcentrifuge, and 
the supernatants tested for released 
GTF. The release of GTF from micro- 
parlh:!es was assayed by measuring the 
ability of the S. sobrmus GTF to cat- 
alyze the synthesis of glucan from su- 
crose. In the assay, 1.7 mg sucrose and 
9 nCi of ['''Oglucosel-sucrosc (approxi- 
mately 17,000 cpm) are added to 0.1 ml 
of phosphate-buffered saline, pH 6.8 
with added 0.02% sodium a2ide, 0.1% 
bovine serum albumin, and 0.3 mg dex- 
tran primer. Incubation proceeded for S 
h at 37*C, after which glucan was pre- 
cipitated in 3 volumes of 95% ethane! 
and radioaaivity determined as pre^ 
viously described (1 8). Assays were per- 
formed in duplicate. 

Results 

in vitro release of GTF from 
PtGAA% gefaUn mfcropBrircles 

The release of GTF from the micropar- 
ticles after incubation at 37"C in PBS- 
azidc was measured by the abiHly of re- 
leased C3TF to incorporate '"C glucose 
from labeled sucrose into glucan, qs de- 
scribed in Material and methods. The 
activity of an 'amoxint of free GTF, 
equivalent to fully loaded micropar- 
tides and incubated under the same 
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" Release of (jTF aclWity froro micropurtidcs was mcASUitd by the fncorporation of "C 
glucose from '^C-sucrose, as described in Material and methods. 
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condi lions As ihe GTF PLGA micrO; 
particles, was also measured and u^ed 
ID delermine Ihe perccniage of enzyme 
released. The results are shown In Table 
2. The maximum release of active GTF 
from ihc niicroparncles was found lo 
occur oHcr 2 h of incubation under the 
conditions indicated. The ;imount re- 
kix^il III l!)is (inic lorrc^pomlcit to 26% 
of the GTF acliviiy calculated to be in- 
corporaied into the equivalent amouni 
of microparttcles. This release rate was 
somewhat more rajnd than ihat seen for 
micropanicles conia'ming a prototype 
a-amylft$e protein (30% release of en- 
zyme actWity at 19 h of mct)bai5on), but 
was considered to be desirable for mu- 
cosal immuDizntion given the poten- 
tially limited period of exposure of the 
microparlicles to the nasal or intestinal 
surfaces. 

Salivary IgA antibody responses to GTF 

The mucosal immurie responses of ani- 
mals immunized intranasally, intra- 
gastrically or subcuianoously with GTF 
or placebo in gelatin-coated micropar- 
tkles or alum are shown in Fig. K Sig- 
nificant elevations in salivary IgA anti- 
body levels to 5. sobrimts GTF were ob- 
served only in the groups immunized 
intmnasaily on day 28. Five of six rats 
given iheGTF/gclaiin/PLGA micropar- 
ticles intranasi^lly had elevated salivary 
]gA antibody to GTH Two of these ani- 
mals had antibody levels which were de- 
tectable at salivary dilution of at least 
1:128. Two of the Jive rats given GTF 
inintnasally in alum had low but posi- 
tive responses. However^ the mean re- 
sponse of Ihe alum group was less than 
I/IO that of the PLGA grot^ps at this 
time. The GTT/gelai>n/PLCA mtra- 
nasally administered group 6 antibody 
levels remained sugnificantly elevated 
above the sham group A levels for at 
least 69 days of the primary response 
Three months aAer initial intranasal 
immunization, salivary JgA antibody 
levels continued to be high in two of the 
six group B rats (74 ELISA units find 
119 ELISA units), although the mean 
group B antibody level was not sigAlli- 
cantly greater than group A. In con- 
trast lo grotip B animals, the rats in 
groups E and J; who received a single 
subcutaneous injection of GTF in 
either microparticles or microparticles, 
did not show a salivary IgA antibody 
response until day 42, following a sec- 
ond injection on day 28. 

Following a more limited secondary 
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Fig, I. Mean and J5l3!nd5»rd dcvjalions of salivary IgA anlibody levels to S. fobrinus GTF for 
all puMps throughODl the full course of the experiment. Group designations and Irealmcnt 
are indicated in ihe legend. iDlranitsal/intragastric (IN/IG) or subcutaneous (SC) immun'fZ- 
alion events 9tz indicated by arrows beneath the abscissa. The levels ofsiaiistical significance, 
cortipifc6 with the sftan^immtinaed ^roup A are [ndlcaied by osicrisks <* fi<0,0$\ 
*♦ P<0.0\: Kruskal-WaUrs ANOVA on ranks). 



mucosal exposure to antigen on days 
103, 1 10 and 1 17 (Fig, 1), all rats intra- 
nasally immunized with GTF/gelaiin/ 
PLGA microparticles demonstrated a 
salivary JgA antibody response to GTF. 
Seven days after completion of the sec- 
ondary immt^nization regime (day 124), 
the mean salivary IgA antibody re- 
sponse in ibis group was nearly twice 
that delected on day 28. Furthermore, 
mean salivary IgA antibody levels dur- 
mg the secondary phase of the response 
to intra nasally administered GTF/gcla- 
tin/PLGA microparticles remained at 
or above peak primary antibody levels 
for at least 42 days. A low but signifi- 
cant increase in salivary IgA antibody 
was observed only on day 124 in the 
group C rats who had been gWert GTF 
in alum intr3 nasally No significant in- 
crease was observed in the inlragastr- 
ically immunized group D. The salivary 
IgA nniibody levels of grotips £ and F 
increased to signiikaDt levels after a 
second injection of GTF microparticles 
or GTF in alum on day 28. However^ 
neither injected group achieved the level 
or duration of secretion of salivnry IgA 
antibody seen aAcr the second immu- 
nization regime given lo the intra- 
nasaily immunized group B. 



Senim IgG antibody responses to GTF 

Serum IgG antibody responses to GTF 
were also measured in ;il| animals prior 
to immunization and ihroughotit the 
course of the experiment (Fig, 2). 
Serum ]gO antibody to OTP could be 
delected in all subcutancously injected 
animals of either group E or F and in 
four of the six intranasally immunized 
rats of group B, 4 weeks aRer initial ex«> 
posure lo the antigen. No other group 
had significantly elevated serum IgG 
antibody to GTF at this lime, ahhough 
serum IgG antibody could be detected 
in at least two group C rats. 

After a second injection of GTF in 
alum or microparticles, serum IgG anti- 
body levels increased more than ten* 
fold and remained high for the duration 
of the experiment (Fig. 2). The mean 
serum IgG response in the group B rats 
remained signfficanlly higher than all 
other mucosally immunized groups 
throi^ghout the primary immunization 
period and increased significantly from 
the p>cak primary level (day 28) after a 
Second mucosal immunization regime. 
Serum IgG and salivary )gA antibody 
levels in the group B rats showed sig- 
m'fioant positive correlations (Spearman 
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rank order correI«liOn) ftficr boih prh- 
mary (r^=0,996) add secondary (rS= 
1.00} iniTniinizalion. 

Drdcussion 

The itsuHs r^Orlcd herein support the 
hypothesis lhat ihe dry mix method of 
incorporation oT S. sobrinus GTF into 
PLGA microparlicles, followed by com- 
predion, extrusion and grinding do not 
radically affect the siroctlirc of this en- 
zyme. This conclusion is based on the 
fact thai signT/icanl enrymatic activity 
(26%) coxild be detected in the super- 
natant of GTF-PLGA mkroparticles 
incubated for 2 or Tuore hours under 
the conditions described. This obser- 
vation was sapponed by preliminary re- 
lease experiments with a-amylase. Amy- 
lases are a group of enzymes that share 
with mutarn sirepiococcai CTFs the 
ability to release glucose from polysac- 
charides. Recent modeling studies indi- 
cate that the catalytic domain of GTF 
bears striking homology with a-amy- 
lases w]th regard to secondary domain 
structure and with regard to the essen- 
tia) residues involved in catalytic activ- 
ity (S). Thus a-amylase provided a use- 
Ail proioiype to measure the release 



rate and effect of particle preparation 
on en£ymatic activity. Up to 39% of the 
loaded a-amylase activity could be re- 
covered after 19 h of incubation at 3TC 
in phosphate-buffered saline with azide 
(data not shown). The slightly higher 
amount of a-amylase activity compared 
with GTF activity released might be ex- 
plained by the larger size of GTF. How- 
ever, both sets of experiments indicate 
that the microparticlc preparation 
method preserves much if not all of the 
naUve structure of these two protdns, 
based on the preservation of their en- 
zyme activity. Thus, Immunization with 
CTF micropanicles could be expected 
to include immune lesponses to some 
conformationajly dependent epitopes. 

Based on the amount of release of 
enzymalically active GTF, intranaSaDy 
immunized PLGA-GTF rats were given 
a three-fold greater dose (calculated 
from the amount of GTF initially 
added in the manufacturing process) 
than ral& intranasally immunized with 
soluble GTF. It !s conceivable that oon- 
enzymatically active, but immunogenic 
GTF or fragments thereof could also be 
released, thereby increasing the actual 
dose. have qualitative evidence from 
previous experiments that some GTF 



protein remains in the microparticlcs 
for extended periods. Thus not all of 
the protein is released. Furlhermorc, if 
Ihe GTF release data for the PLGA- 
GTF micropariicles (26%) represents 
all the immunogenic GTF relciised, 
then the PLGA-GTF micropanicJe rats 
would have received only 78% of the 
dose received by the rais immunized in- 
traDBsally with soluble GTF. These ob- 
servations, taken together with the 
finding that the subcutaneously injected 
PLGA-GTT rats consistently demon- 
strated significantly lower salivary and 
serum responses than did the subcu- 
taneously injected soluble GTF rots, 
despite Ihe fact that they received a 
ihree-fold higher GTF dose (Tabic 1), 
supports the notion that the intra- 
nasally immunized PLGA-GTF rats 
did not receive a higher useful GTF 
dose than their soluble GTF immunized 
counterparts. 

Intranasal administration of anlrgen 
has been shown to induce salivary IgA 
antibody (17) at levels that arc generally 
superior to thoje induced inlragastr- 
ically (21). In the present study, inua- 
nasal application of GTF-PLGA 
microparticles wa$ far superior lo other 
routes (intragastric or subcutaneous) or 
formulation (alum) for induction of 
salivary IgA immunity after primary or 
secondary immunization regimens. The 
superiority of the intranasal, versus the 
intragastric route for induction of sali- 
vary antibody may be a consequence of 
the relatively higher dilution of particu- 
late antigen in the inlcsiinc or the 
gfealer potential for rapid breakdown 
of antigen in the gut versus nasal/tonsil- 
lar arra. A degree of compartmenlal iz- 
a lion of the mucosal immune response 
may also accovmi for tlijs diJTerence, in 
that nasal/tonsillar induction of mu> 
cosal immunity may favor a greater ex- 
pression of IgA antibody in the saliva 
than would induction of gut-associaled 
lymphatic tissue^ which favors a pre- 
dominantly intestinal expression of 
antibody activity (9). 

Microparticle bioadhc^vencss may 
increase the dose of antigen available to 
induce local immune rcspoinsos by in- 
creasing the time that antjgen-laden 
biodegradable particles are in contact 
with mucosal surfaces. Montgomery & 
Rafferiy (10) have shown that oral ad- 
ministration of bioadhesive degradable 
starch microparticlcs containing di- 
nttrophenyJ-bovine serum albumen, in 
combination with L-a-lysophosphatid- 
ylcholine as a penetration enhancer, po- 
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tenU9ted long-lived salivary IgA re- 
sponses, compared with anligcn deliv- 
ered in soluble form. )d ihe prescni 
5tudy boih GTF-Ioaded and conirol 
PLGA preparations given iniranasally 
or intra gastricaTly contained gelaim \o 
increase ihc bioadhesive properties of 
the micropariides. AJthough the pres- 
ent cxpcriincnl;^ Uo not vliirify the ex- 
tent to which the use of gelniin im* 
proved the imroune response, previous 
work with the mouse ligated inleslinal 
loop model (3) indicated that incorpor- 
ation or gelatin enhanced microparticle 
uptake into phagocytic cells within ihe 
follicle associated epithelium. 

Jniranasally administered GTF- 
PLGA microparticlcs induced a sali^ 
vary IgA antibody response lo GTF 
that vvas rela lively long lasting com- 
pared with other routes and modes^ 
especiftlly after secondary stimulation 
(Fig. 1). This mucosal JgA antibody re- 
sponse had aspects of anamnesis in that 
the pckik secondary response was higher 
than the peaK primary response (604 
ELISA units versus 383 ELISA units). 
FurlhcrmorCt salivary JgA antibody 
was detected at a higher level for a 
longer period of lime in the secondary, 
compared with the primary, phase of 
the response to the intranasally applied 
GTF-PLGA microparircJes. Another 
important feature was that the second- 
ary exposure to the intranasal GTF- 
PLGA microparticlcs convened all the 
responses of rat$ in whom either no or 
low primary salivary IgA antibody re- 
sponses had been detected. This sug- 
gests that repeated intranasal appli- 
cation of appropriate antij^n in these 
bioadhesive microparticles could be ex- 
pected to induce an immune response in 
most subjects, despite the typically wide 
range in secretory immune responses 
seen to indigenous and artificial anti^ 
gens. 

A ^gniijcant scrum IgG antibody re- 
sponse was also seen in several rats that 
wei« intranasally immunized with 
GTF-FLGA micropanicies (Fig. 2). 
This response was highly associated 
with the degree of salivajry IgA response 
among animals of this group. The 
serum IgG responses seen in the most 
responsive group B rats were wjihin the 
range of those seen in the systemically 
immunized rats by the end of the ex- 
periment (day 169: Fig. 2). The precise 
mechanisms for these responses are as 
yet unclear. One explanation would be 
that in the most responsive group B 
rats, some GTF-PLGA microparticle 



fragmcitts were phagocytized and car- 
ried to the cervicarl lymph nodes, where 
they continued to supply anligen-prc- 
seniin^ cells with GTF for induction of 
sysiemic immumty. Jn this regard, 
Wu & Rossel) (21) have reported thai 
antibody-secffrtlng cells appeared in 
bo lb the superficial and posterior cervi- 
cal lymph noilcs shortly after com- 
pletion of intranasal administration of 
soluble Streptococcus mutant Ag I/I) 
conjugated to cholera lojtin B subunii. 

The enhancement of the e;ipression 
of immunity wjihin the oral cavity after 
delivery of GTF in bioadhesive micro- 
particles indicates that this immuniz- 
ation regime may be particularly ef- 
ficient In the induction of antibody that 
could interfere with the colonization 
and accumulation of tariogenic mu- 
cosal nreptococci in the oral cavity. 
Protection could be expected not only 
from the enhancement of salivary im- 
munity but also from systemic ]gG anti- 
body that enters the oral cavity vja the 
gingiva] crevjcutar fluid rouie. Intra- 
nasal application of similar formu- 
lations of bioadhesive microparticles^ 
loaded with appropriate antigen, also 
holds promise for the enhancement of 
immunity to a variety of Upper respir- 
atory and orjl infet:1ions. 
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AbsCrnct 

The imporlance of in vUro dcgrodajion of poly(laclide)/poly(Iacndc-co-s'y*-'o^»de) (PLA/PLGA) microspheres and of ihc 
concomiiani in vitro release of a nniura) and a synthelic Qmi|cn for eltcilinf iivunune response was studied in mice. A variciy 
of PLAs and PLGAs dirfei-mg in molecular weight (Af,^. of 14-130 kDa) and in polymer composition (taciic/glycoHc acid 
mlo of 100:00, 75:25, and 50:50)Avere exiimined for their in vitro dcgnul;iiion, which ranged from approximaiely 4 to 10 
wetlcs. Three specific polymers wer« then selected for microencapsulaiion of ihc two antigens tetanus toxoid (TT) and a 
weakly immunogenic Synthetic branched mnlvria peptide (P30B2}. The in vitro release ilnii showed thsa antigen delivery 
correlates fairly well with polymer dcgradaiion ^ivin^ nsc to a distinct burst release during Ihc hrsl 24 h and an ndditioniil 
release pulse towards die end of polymer degradarion. After sinjilc subcutaneous admini:itration in mice, long lasting high 
antibody liters were obtained with the antigen containing microspheres, as compared loTT adsorbed on stum or to P30B2 in 
Incompli^ie Freund'A Adjuvant. Moreov^ir, the immune responses Induced by microspheres were clearly influenced by ihe 
antigen release kinetics, ihe polymer type and ihe size of the microspheres. The rcstilis OemonsiraLe the immunopoieniiaiing 
properties of the biodegradable microspheres and their potential lo elicit long-bsiing immune rcjjponses after sin>$Ie 
admini^ilraiion \vhen tailoring in vitro release characr eristics and panicle stzc» 



AVniY»/Y/f; PolyClnetldc) (PLA); PDly(laci!de-co-glycol!de) (PI-OA); Biodegradable microspheres; Polymer degradation; 
Tciamis toxoid; Synihclic ni;il9ria nnligcn: Antigen release: Immune respoiLses 



1. Introduction 

The search for new immunological adjuvonts and 
antigen delivery systems has attracted ihe interest of 
various national nnd international health institutes 
and organizations, as well as of academic and 
industrial research scienttsL;. Three major objectives 
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of practical importance have been defined to ittiprove 
existing vaccines- Clearly, fgrmulaiions or delivery 
systems should (i) mimic booster doses after single 
paienterai ndminisiraiion, (li) exhibit adequate im« 
munosiimulating properties for weakly immunogenic 
(synthetic) antigens, and (iii) elicit u Strong inununc 
response iiflcr nasal or t>rai admlnistriuion. In ihis 
lights biodegradable microspheres (MS) ba^sed on 
poly(lactide) (PLA) or poly(Iaciide-co-glycor(de) 
(PLGA) are probably the most promising of ail the 
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antigen delivery sy$icni.s studied' so far. In addition 
lo the immuno^^iimutating propenies of most other 
adjuvani formulations or delivery systems, biodegra- 
dable MS provide prolonged and even pulsaiiie 
antigen release over several months, thereby mimick- 
ing conventional jmrnunization schedules 11-4]. It is 
the panicuJar goal of replacing the necessary booster 
injeciioni of conventional vaccines by a single 
injection of antigen containing microspheres which 
has been addressed by the. WHO in an ongoing 
program initialed in 1989 [5.6]. In addition, the 
demonsiraied targeting of biodegradable micro- 
Spheres to the Peyer's patches, of the GMract or lo 
the nasal mucosa holds great promise for peroral and 
nasal immunization [7-10]. 

Tht basis for the present interest in PLA/PLGA- 
based biodegradable microspheres for vaccine deliv- 
ery was laid undoubtedly in the late 1970s to mid- 
1980s, panicularly by pioneering investigations on 
()) single-step immunizaiion by sustained antigen 
release |1J,12), (ii) peptide drugs being released 
from PLGA-mkrosphcies in a pulsatile manner [13]. 
and on (isi) the biodegradaiion of and tissue reaction 
to PLA/PLGA-microspheres [14,15). 

Various studies have been conducted to clarify Lhe 
in vitro and in vivo degradation mechanisms of 
PLA/PLGA polymers as it became evident ihai drug 
release kinetics and pharmacological responses grear- 
ly depend on the polymer characteristics and 
biodegradation behaviour [16-22]. These investiga- 
tions revealed that in paiticutar the release of macro^ 
molecules is closely related lo polymer degradation 
and. hence, to copolymer composition and molecular 
v/cight. Moreover, it has been found thai the degra- 
dation paitcm of polymers obtained from different 
suppliers is also affected by polymer quality, i.e. by 
ilie presence of low molecular weight fractions and 
monomers [23]. Special atieniion has been paid 
further to the role of water involved in polymer 
degradation and its influence on glass transition 
lempciaiure, [24,25], On the other side, relatively 
little knowledge is available at present on the 
interaction between polymer and protein under re- 
lease conditions. It has been reported that osmotic 
effects and ionic interactions between polymer end 
groups and the amide bond or free amino groups of 
polypeptides greatly affect the release pattern of 
proteinaceous compounds from microspheres (26- 



2B]. It has also been recogniied for some lime, and 
recmphasized more recenily, thai during polymer 
degradation, the hydrolysis products are likely to 
create an acidic environment inMde the micrasphercN 
and wiihin their microenvironmeni, which may se- 
verely' compromise protein stability in in vitro re- 
lease studies and also in an in vivo situation 
116,28.29]. However, general conclusions about the 
importance of an acidic microenvironmeni on protein 
stability cannot been drawn as every protein forms 
it,^ own case. 

Over the pusi few years, the particular aspect or 
antigen delivery from biodegradable MS and its 
relevance for the immune response has been investi- 
gated by several groups. Most of these studies have 
focused on the natural antigens tetanus toxoid (TT) 
11.2.10,30) and diphtheria toxoid (DT) |31). and 
only very few have considered synthetic antigens [3]. 
Generally, some correlaiions have been found be- 
tween the kinetics of polymer degradation and of 
antigen release, but not between in viiro release 
kinetics and immune response. All of these studies 
confirm the very pronounced inununostimulating 
propenies of microspheres. 

Here, we repon on the correlation between poly- 
mer degradation and antigen release from micro- 
spheres, and on the impcrtaiKe of their release 
kinetics and panicle size for immune response, 
InvesligoiionK on two different lypes of antigens are 
being summarized, i.e. conventional tetanus toxoid 
and a synihelic antimalarial antigen. 



2. Experimental 

2. A Materials 

Lyophilized tetanus toxoid (TT) (approximately 
90 Lf/mg protein, Institute Mcrieux, Lyon, France) 
was provided by WHO (Geneva, Switzerland). A 
teuii-branched synthetic pepdde composed of an 
universal T helper epitope from tetanus toxin (947- 
967) and a B-cell epitope from the repetitive region 
of Plasmodium berghei circumsporozoiic protein 
(P30B2) was synihesized by using the F-moc 
strategy [32]. The molecular weights of the two 
antigens are approximately 150 000 for TT and 
16 000 for P30B2. Various poIy(D,L-laclides) (PLA) 
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and poIyCD^t'laciidc-co-glycolidcs) (PtGA) differing 
in mglecular weight and composUion were purchased 
from Boehringer Ingclheim, Ingelheim, Germany; 
ihey included ihe PLAs Resomer<8) R202 {M^ 
1 M 600), R203 {M^ 23 300) and R206 (A?., 129 7(X)), 
^ ibe PLC As 50j50 Resomer® RG502 (A?^ 13 700) 
; and RG503- {M^ 35 100), and the PLGAs 75:25 
Re50mer<^ RG752 (M^ I7 000) and RG755 (A/^ 
68 600). HtncaAcr, the foWowing designations will 
be used to specify the type of polymer: PLA-14 kDa, 
PLA-23 kDa, PLA-130 kDa, PLGA50:50-14 kDa. 
' PLGA50:50-35 kDa. PLGA75:25-I7 kDa and 
PLGA75:25-69 kDa. All oiher chemicals used were 
[ of analytical grada (from Fiuka, Buchs, Switzerland), 
unless otherwise specified. 

r Z.2. Preparation of microspheres 
i 

•s Empty and antigen loaded microspheres (MS) 
\ were prepared by the two microencapsulation tech- 
\ nlques. spray-dr^ng (SD) and coacervaiion (CO), as 
described in detail elsewhere [3334). Bnefty, in the 
i spray-drying process. 100 mg of TT or 20 mg of 
: P30B2 were dissolved in ZO ml water. The resulting 
I antigen solutions were finely dispersed in 100,0 g 
\ (for TT) or 40,0 g (for P30B2) of a 5% (w/w) 
} polymer solution in ethyl formate by means of an 
ulimsonic proccs.sor. The W/O-dispcniions were 
subsequently 5pray-dricd in a laboratory spray-dryer 
(Model 190, BOchi, Flawil, Switzerland), The micro- 
spheres were ^v&shed with 0.1% (w/w) Synperonic® 
F68 solution (ICI, Middlesbrough, UK), collected on 
u 0.2 /im cellulose acelaie membrane Biter and dried 
under vacuum for 24 h. 

In Ihe coacervaiion process, the polymery were 
V dissolved in dichloromethane (DCM) at a concen- 
I iralioh of 10% (w/w), wherein ihe amigen solutions 
I were dispersed, as described above. The dispersion 
I was introduced into a jacketed vessel (250 ml) 
I equipped with baffles and on anchor stirrer. 
I Coacervation was induced by introducing a pit* 
\ determined necessary amount of silicone oil (DC^ 
I 2{X), 1070 mPa/s); wich respect to the total mass of 
. ihe coaccrva[ion mixture, ihc percentage of added 
silicone oil was 73% for PLA-14 kDa, 70% for 
I PLA-23 kDa. 55% for PLA-130 kDa. 68% for 
\ PLGA75:25"17 kDa» 53% for PLGA75:25-69 kDa, 



58% for PLGA50:50-14 kDa and 47%. for 
PLGA50:50-35 kDa. Stirring was set at 1000 rev./ 
min and the lemperamre maintained at 10°C. The 
stable coacervation dispersion was slowly poured 
into 1200 ml of hardening agent (ociameihylcyclo- 
leirasiloxane, OMCTS) lo solidify the microspheres. 
Stirring was continued For 30 min. and the micro- 
spheres collected on a sintered glass fiUtt and 
washed with 100 ml hexane: The product was then 
air-dried for 5 mia and rcsuspended three limes in 
0.1% (w/w) Synperonic(S> F68 solution. Drying look 
place under ihe conditions specified above. 

2.3. Polymer molecular weight and In Vitro 
polymer degradation 

The polymers used were characterized by gel 
permeation chromatography (GPC) for molecular 
weights, and and polydispcrsiiy, P, The 
polymer? were dissolved al a concentration of 0.2% 
(w/w) in tetntliydrofuran (THF) (purity > 99.5%, 
stabilized with butylhydroxyiolucnc, reiiidual water 
< 0.01%; Schorlau, ETG-Chemie. Tagerig, Switzer* 
land). Toluene was used as internal standard at a 
concentration of 0.02% (w/w). A 100-^1 aliquot of 
the polymer solution was injecied into a 20 /xl loop 
(Model 7125. Rhcodyne, Berkley, USA) of a HPLC- 
sy.stem (Pump L 60(50, Merck Hitachi, MciCk ABS, 
Dietikoo, Switzerland) and separated on a mixed gel 
column with a molecular weight separation range of 
0.2 to 2000 (PL-gel 5 /im, 300 X 7.5 mm", Polymer 
Laboratories, Shropshire, UK). Column calibration 
was performed with a monodisperse polystyrene kjt 
covering a molecular weight range of 1.32 lo 1030 
{PL poly.siyrene-medium molecular weight kit. Poly- 
mer Laboratories). THF was used a$ eluent at a flow 
rate of 1 mJ/min, and ihe column temperature 
maintained at 30**C (Column oven, Merck Hitachi). 
Eluiion profiles were deiecied refraciomeirically (RI- 
detector, ERC-7512, Erma, Tokyo, Japan) al SO^C 
and a sensitivfiy of 4. The data were analyzed by a 
GPC integrator (D-2520, Merck Hitachi). 

The in vitro degrudalion behavior of unloaded 
microspheres, prepared by coacervation, was char- 
acterized by suspending 50 mg of microspheres in 
• borosilicate vials (Chromacol®, Welwyn Garden 
City, UK) containing 4.0 ml of PBS pH 7.4, pre- 
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served with 0.02% (w/w) sodium azide. The disper- 
sions were u!\roson5ca\ed lo faciliiaie wciiiog, and 
ihc vials fixed horizomally in a drum roiaiing ai 3 
rev./min and 37^C (Drum Ro)ler, TC 1000/3> 
Brouwer, Lucerne, Swiiicrland). Al defined inier- 
vals, the samples were analyzed in triplicate. The 
conieni of each viai wa^s centrifugcd, the supcmaiani 
withdrawn, and iis pH measured. The medium of ihe 
remaining samples was replaced by fresh buffer lo 
z^adjusi Ihe pH, The isolaied miaosphercs or poly- 
meric mass was dried under vacuum for 2 h and 
dissolved in THF (0.2%, w/w). The fiUcrcd solulions 
weje finally analyzed by GPC. 

2.4. Morphology and she of imcrospheres 

For morphological epiaminalion^ Khe microspheres 
were mounted on double-faced adhesive lapc, sput- 
icrcd wiih platinum and viewed in a Hitachi S-700 
scanning electron microscope. 

Si^e and size distribution of microspheres were 
measured by laser light scattering CMastersizer X, 
Malvern, Malvern. UK>- Typically, 50-100 mg of 
microspheres were carefully pounded in a mortar 
• with a few drops of polysorbale 20, followed by the 
addition of 3 ml water. The panicle dispersion was 
transferred into a small volume presentation unit 
(Malvern) and ultrasonicated for 30 s at output 40 
(Vibra cell, VC5QT, Sorties and Materials. Danburry, 
USA). Calculation of particle sizes from the scaiiered 
light was based on Mic's theory accounting for the 
optical properties of the polymers. The refractive 
index of PLA and PLGA was calculated from group 
contributions [35]. 

2,3. Antigen loading in the microspheres 

The aoUgen content was determined with 20-30 
mg of antigen loaded microspheres dissolved in 2 ml 
dichloromethane; the dispersion was vacuum-filtered 
on a 0.2 /xm regenerated cellulose RC58 membrane 
filler (Schleicher and Schuell, Dassel, Germany). 
Filters were vrashed three times with the same 
solvent and air dried. The antigens were cluicd three 
times with 3 ml PBS, pH 7.4. The solution was 
analyzed by Bradford's protein assay (for TT) (Bio- 
Rad, Munich Germany) or fluorometrically (for 
P30B2) (FJuororaax®, Spex Industries, Edison. NJ* 



USA), with excitation and emi fusion wavelengths of 
278 nm and 340 nm, respectively. 

2.6. In vitro antigen release 

>\ntigen release was determined by suspending 
20-100 mg of microspheres in borosilicale vials with 
screw caps (Chromacol®, Wclwyn Garden City, UK) 
containing 4.0 ml of PBS pH 7.4. preserved with 
0.02% sodium azide. The dispersions were ultrasoni- 
caied to faciJitalc wetting, and ihe vials fixed 
horizomally in a drum rotating at 3 rev./min at 37''C, 
At regular intervals, the supernatant from each vjal 
was collected by cenlrifugation and assayed immedi- 
ately by Bradford's asfjay (for TT) or fluorometrical- 
ly, as specified above. At every lime point, 3 ml of 
the release medium were replaced by fresh medium 
and the pH readjusted lo 7.4. 

2,7, JinmunO$eniciry of microencapsulated antigens 
in mice 

Antibody liters of microencapsulated antigens as 
compared to TT adsorbaies on aluminum hydroxide 
(Alum) or P30B2 in Incomplete Freund's Adjuvant 
(IFA) were evaluated as described elsewhere [36]. In 
short, groups of eight BALB/c female mice 8-10 
weeks of age (OLAC, Bicester Oxon, UK) received 
a total dose of either 20 ^g ( 1 .7 Lf) of TT or 30 /xg 
of P30B2 in various formuladons by subcutaneous 
injection ai the base of the tail. For immunization 
with tetanus toxoid, five groups of mice received a 
single injection of TT-MS preparations (SD502, 
SD752, CO502, C0752 and CO206), and another 
group received a single injection of TT-alum (Alunv 
1). Correspondingly, for the immunization with 
P30B2, five groups of mice received a single in- 
jection of P30B2-MS (Sp502, SD752, CO502, 
C0752 and CO206), and another group a single 
injection of M0B2-1FA (lFA-1). For injection, the 
microspheres were suspended in 100 /x] of 5% (w/ 
w) sterile lecilhin solution (Ovothin® 170, Lucas 
Meyer. Hamburg, Germany). Lecithin was used for 
dispersing microspheres becniise of its excellent 
wetting and suspending properties and for its high 
biocompfllibiliiy and biodcgradability. No effect on 
antibody production was observed when mice were 
injected with lecithin alone. After immunization. 
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mouse sera were collected at an interval of 2-4 
weeks by tail bleeding. Specific serum antibodies 
were measured by EUSA, as described elsewhere 
[36]. The antibody liter was expressed as the re- 
ciprocal of the highest positive senim dilutioa 
Student's Mest was used on logariihrn-transformed 
data to compare antibody levels obtained fronn each 
group at various 'time points, according to accepted 
convention 144). 



3. Results 

Most important c^haracteristics of a vaccine deliv- 
ery system based on biodegradable polymers en- 
compass (he polymer degradation time, the micro- 
spheres' size, the antigen release kinetics and the 
immunological responses. All of these four parame- 
ters were investigated in this study and reported 
below, 

3,L In vUro polymer degradation 

For selection of appropriate polymers for antigen 
delivery, microspheres were prepared from a series 
of homo- and copolymers of lactic and glycolic acid, 
varying in composition and molecular weight, and 
y/CTt subjected to an in vitro degradation study. The 
microspheres were prepared by coacenration and 
showed a monomodal size distribution in the range 
of 10 to 100 pt,Ta. 

Fir^i, the effect of polymer composition was 
examined with three low molecular weight polymers 
(Fig. 1). Each point represents the mean of three 
individual samples of microspheres. The degradation 
profiles appear biphasic with an initial lag time, 
where only minor changes in molecular weight are 
measured, and a terminal phase characterized by an 
accelerated polymer degradation. The three polymer 
type microspheres, i.e. PLCA50:50, PLGA75:25 and 
PLA, differ grcaily in both the lag time and in the 
rate of terminal degradation. In the terminal phase an 
exponential decrease in molecular weighty as indi* 
caled by the linear alignment uf the Itisl three or four 
data points of each profiJe in the semilogarilhmic 
plot is clearly shown* PLGA50:50 undergoes the 
fastest hydfolyj^is with a decrease in weight average 
molecular weight below 1000 within 35 days. In- 
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Fig. I. Time-clcpcndrnl A?, change of microspheres prepared with 
, difTcrent typc$ of polymers showing the cfTcct of polyiTCr 
corapositton: Pt.CAS0:50-l4 kDa (O). PLOA75:2M7 KPa (-f-), 
PtA-14 kDat*). 



^ cidcnially, as oligomers with a molecular weight 
below 1000 are water soluble, a M^*value of about 
1000 Or less is considered here as 'complete* poly- 
, mer degradation. Furthermore, polymer degjndalion 
[ was characterized by weight average Id^ rather than 
: by the number average molecular weight. M„ was 
I preferred because tailing in the polymer peak due to 
[low molecular weight fragments renders setting of 
[proper integration marks diiTicult and» hence, would 
[affect greatly the calculation of number average 
i molecular weight [37). PLGA75;25 microspheres 
i showed a lag time of 28 days, with only a 30% 
ftdecreaL^ in M,^., followed by the exponential phase 
Ibetween days 28 and 56. After 8 weeks, J^^ was 
ibelow 10% of the initial Finally, PLA micro- 
Ispheres required more than 3 months for complete 
|cro$ion. This degradation profile was characterized 
Iby a lag time of 2 months, followed by accelerated 
Ipolymer degradation up to day lOO. Therefore, with 
I increasing hydrophobicity of the polymers, the initial 
Slag times became longer and (he terminal exponential 
|degradation rate lower. 

In addition to polymer composition, the initial 
lof the polymeric microspheres influenced substanlial- 
|ly the total degradation time, although the overall 
ioegradation pattern followed a similar type of kinct- 
lics for the low and ihc high molecular weight 
iparticles, e.g. PLGA50:50-14 kDa versus 
|FLGA50i50-35 kDa, PLGA75;25-17 kDa versus 
|PLGA75:25-69 kDa. and PLA- 14 kDa versus PLA- 
]I30 kDa (Fig. ^2). As expected, PLA-130 kDa 
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Fig. 2. Timc-dependcni A#, change of niicrosphere* prepared wiih 
dirreTcni iypc» of polymert showinf the effen of ihe mtua 
molecular weight for various polymer compositions: PLCa5(>:5(K 
14 kDa (OX PLGAS0:5M5 kDa (0>. PL0A75:25-I7 kDa (4). 
PtOA75:25-69 kD:> (-3). PLA-U kDa (O). PLA-130 fcDa (•). 

microspbeies showed a very 5lo>v change in Af^.. 
Complete polymer erosion lo waler soluble oligo- 
mers was not finished up to day 140. Compared to 
Ihe low molecular weighl PLA-14 kDa, however, 
PLA-130 kDa hydrolysis was more pronounced 
during ihc iniiia) pan of ihc profile where no typical 
lag time could be dcicclcd. As a result of the 
sustained degradation, the polymeric microspheres 
studied were considered panicularty useful for con- 
irolled antigen delivciy over a period of several 
months. It was interesting lo see that wiihin the 
range of polymers studied an approx. 2-fold increase 
in M^. prolonged the time of degradation by 2 weeks 
(PLGA50:50-14 kDa versus PLGA50:50-35 kDa), n» 
a 4-fold increase in a prolongaiion of approx. 4 
weeks (PLGA75:25-I7 kDa versus PLGA75:25-69 
kDa). and at a 9-fold increase in a prolongation 
of degradation by approx. 6 weeks (PLA-14 kDa 
versus PLA-)30 kDa) could be observed. 



3.2. Morphology and SkZfi of the microspheres 

]l is reasonable to assume thai surface morphology 
and, even more, microsphere size may play a crucial 
roJc for antigen delivery and presentation. Tlicreforc, 
two differeni classes of microsphere ^izes, one m the 
range of approximately 1-10 ;im and ihe other of 
10-100 /im, were prepared by the two preparation 
methods of spray-drying and coacervaiion, respec- 
tively (Fig. 3). Spray-drying produced smaller 



microspheres with ihe mojoriiy of particles below 5 
/i.m, and coaccrvation yielded coarser microspheres, 
with the size distribution being a function of polymer 
and of process parameters (34J. In general^ the 
low W,,. polymers gave a microsphere size in the 
range of 8 to 60 ftm, whereas ihose of high 
(PLGA75:25-69 kDa and PLA-)30 kDa) ranged 
from 10 10 90 /xm (Fig. 3). It is noteworthy that 
particle size distributions deiermincd by laser tight 
scaiiermg and from SEM micrographs were in good 
agreement. Spr^y-drted microspheres exhibited a 
smooth and non-porous surface. In the case of 
coaccrvated microspheres, a similarly smooth surface 
morphology was detected when ihe antigen was 
microencapsulated as particulate maieriaL On the 
opposite^ when the antigen was entrapped as aqueous 
solution, a more porous surface was revealed on ihe 
SEM-micrographs. 

Clearly, the use of the two different preparation 
techniques allowed rnicrospheres with a wide range 
of polymer molecular weights and two distinct 
classes of particle sizes to be obtained. Both features 
are considered of prime importance for parenteral 
vaccine delivery systems. 

3,3. Antigen microencapsulation and in vitro 
release 

On the basis of the results obtained from polymer 
degradation and pa'rdcle size distribution, the two 
antigens P30B2 and XT were microencapsulated 
using low molecular weight PLGA50:50-14 kDa and 
PLGA75:25-I7 kDa, and a high molecular weight 
PLA-130 kDa. Both spray-drying (SD) and 
coaccrvation (CO) were applied. The various prepa- 
rations are summarized in Table l.'For purely 
practical reasons, antigen powders rather than solu- 
tions were used in coaccrvation of PLGA75:25-J7 
kDa and PLA-130 kDa. It appears though, thai the 
particulate aniigens were less efficiently micioen- 
capsulated than the corresponding aqueous solutions. 
This diiTerence is more significant with the synthetic 
aniigcn (27% for CO- PLGA75:25-I7 kDa versus 
57% for CO-PLGA50:50-14 kDa). li also appears 
that the efficiency to encapsulate the synthetic m- 
tigen is lower than for the natural high molecular 
weight TT. 

Con^panng the two encapsulation techniques, no 
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Pi^ 3. SCM micro^phs and panicle size nvmber disiributiOA pfoU of lyptca) niicn»pheresi. prepared by ?;pray><Srying (SI>-PLCAS0:5O-]4 
kD:i) and by <oacerraiion (CO-PLGAS0:5a-ld kDa, and CO-PLA-130 kDo). 



significant difference m enlrapmeni efficiency is 
observed if the antigens are processed in soluiioh. 
Given the different preparation techniques, Le, SD' 
and CO, with the antigen for microencapsulation 
being in particulate form and In solution, an offect of 
the polymer composUion on loudlng eHiciency c^n- 
not be revealed unambiguously. Finally, with a few 
exceptions only, the loading efficiencies attained 
were sati'sfoctory, and the actual loadings allowed to 
inject between 5 and 15 nig of P30fi2-micro$phcres 
and between I :tnd 4 of TT- microspheres per 
animal in the immunization studies. 

Antigen release kinetics is considered one of the 
key parameters for vuccine delivery systems. Pul- 



satile release \yas actually achieved in (he release of 
the 16 kDa P30B2 from the PLGA50:50-14 kDa 
microspheres (Fig. 4), After an initial burst release, 
which occurred during the ht&\ l-*2 days, a latency 
period of about 2 weeks was observed with very 
liulc antigen release. Release was completed after 7 
weeks. The two Felease^ profiles obtained from the 
PLGA50:50-l4 kDa microspheres prepared by Spray- 
drying and by coacervacion were very similar. For 
the coaccrvated microspheres, the onset of the sec- 
ond release pulse was slightly shifted to the right. 
Clearly, the term release pulse in understood in this 
work in a broad sense. The coacervated microspheres 
also gave rise to a substantially higher burst (20% of 
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Tabic 1 

Amigen loiidlng of micrasphcrrs 



Ami gen' 




Microencopsulalion 
technique' 


Phyjicol su^ie of 
ontigen fOf 
microencapsulation* 


Loading 


Loading 

efHciency 

Wf 


P30B2 


PLOA50;50 


$D 


SoJuiion 


3,51 


54 




PLGA50:50 


CO 


Sohiiion 


6.Q0 


57 




PLGA75:25 


SD 


Soluiioo 


^ 


60 




PLCA75:25 


CO 


Powder 




27 




PLA 


CO 


Powder 


2.64 


26 


IT 


PCCAS<>:50 


SD 


SoluliOn 


18^ 


90 




PLCA5n:50 


CO 


Solution 


«J0 


85 




PLGa75:25 


SD 


Sotuiion 




100 




PLGA75:25 


CO 


Powder 


7.00 


70 




FLA 


CO 


Po«ider 


3.80 


58 



'Abbrftvi aliens used are described in the expcfrimentftl section; of FLGA50:SO is U IJ?a, A*^ of PLCA75:25 i* 17 kO^ and Af, of FLA is 
J 30 kOa. 

"Tbc aniigeru were microcncapsuhied ciiJ>er as a 1-2* {^Iw) aqueoos solulion or a.\ a milled powder will) panicle *i2c < 20 /iiii. 
*Thc loading cfTiciency is defined as the percentage of ihc ociuti) loading w$ih nespect lo the dteorctical louding . 



the actual dose), than the spray-dried nnaospheres 
()0% of ihe actual dose). This difference may be 
explained by ll>e slightly porous morphology of ihi$ 
panicular MS-preparalson (see under Section 3.2). It 
is also nolewonhy thai the total amounl of P30B2 
released from the coacervated PLGA50:50-14 kDa 
microspheres exceeded the measured loading by 
about 20%. This indicales that the recovery by the 
filtration method used lo e^ctract this antigen was 
maxima] 80% with this particular preparation. The 
higher burst release and the underestimated loading 




Time (doys) 

Fig. 4. In vUro release rates (in 0£ antigen per day and per mg 
microspheres) of P30 B2 from spray-dried (+) and coacervaied 
CO) PLOA50-J0-M kDa microspheres. Error ban indtcaie stan- 
dard deviaiions with n " 5. 



of the coacervated PLGA50:50-14 kDa microspheres 
must have both contributed lo the fact ihai this 
preparation exhibits an area under ihc second reJease 
puLsc similar to the spray-dried PLGA50:50-J4 kDa, 
although the actual loading of the coacervated micro- 
spheres exceeded that of the spray-dried product by 
about 40%, 

While the microencapsulaiion method essentially 
alTecCed the extern of the burst release, the polymer 
composition greatly detennined the overall release 
kinetics, particularly the onset and duration of the 
sceond release pulse (Fig. 5). As mentioned before* 



E 



^ 0 7 14 21 28 3S 42 49 56 63 

Time (days) 

Fig. 5. In vitro release rales (in ng antigen per day and per mg 
microspheres) of P30B2 from spray-dTicd PLGA50!50»14 kDs 
(+) and PLGA75:25-I7 kDP (0)» and firom coaccrvaicd PLA-130 
kDa (□) microspheres. Enror bars indicate standard deviations 
Mnih n - 3. 
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ihe onset and maximum of the second puJse for the 
PLGA50:5a-l4 kDa appear around day 14 and day 
28, respcciivcly, whiJe for PLCA75:25-i7 kDa, ihese 
two lime points are shifted ;o Jay 35 and day 43- In 
contrast, for ihc slowly degrading PLA-130 kDa. no 
addiiional release pulse was de(ecled within Jhe lime 
period studied. For both Ihe PLCA50:50.14 kDa and 
PLGA75:25-)7 kDa microspheres, ihe onset of the 
second pulse corresponded to a of about 7000 lo. 
8000 Da during, the in vitro polymer degradaiion, 
while the maximum release rate was measured at a 
lime point cooespofiding to a of about 2000 lo 
4000 Da. From the polymer degradation profiles, the 
second release pulse from the PLA-130 kDa micro- 
spheres was expected after about 4 months, though 
the experiment was stopped before that time point 
Similarly to P30B2. TT release was not primarily 
affected by the preparation method and, hence, by 
the size of the microspheres, but by the type of 
polymer (Fig_ 6). While the onset and duration of the 
second TT pulse from PLGA50:50-14 kDa micro- 
spheres was vinuaJly identical lo that observed for 
P30B2 with ihis same polymer, this similarity was 
not found for the PLGA75:25-17 kDa microspheres. 
For TT, the second release pulse from PLGA75:25- 
17 kDa microspheres started on day 56 and ended on 
day 84, corresponding to a shifl of approximately 3 
weeks with respect to P30B2. When comparing TT 
r^itt^e^ prortles to microsphere degradation, a close 



eoo 



C7> 
C 




Time (doys) 

Rg. 6. rn viim rclcrisc r«« (in ng anli^pM per day onij |xJr mg 
miciQsphefea) ©r TT fmrn Npray-JncU PtCAS0:50L|4 kOa (O) 
Qltd caaccfvaied PLCA75:25-I7 kDa (O) fnicrosjAeres. and 
Change m A/^ of the comrsponjios mitraspheres made of 
PLCA50:50^I4 kOa (•> and of PtOA73:2S.|7 HDa (O). 



correlation between the second release pulse and ihc 
final stage of polymer hydrolysis was observed. 
Clearly, ihe second TT pulse siaried when micro- 
Sphere degradation reached a of 2000 to 3000 
Da. Although a of 1000 Da was considered as 
complcie polymer erosion, TT release was not yci 
finished at this time point but continued for an 
additional 4 weeks. For TT, the total amount released 
and Ihe quantity determined as loading were In close 
agreement, indicating that the recovery of the ex- 
traction meihod used was in the order of 90-100% 
for this large protein. 

The excellent correlation between the second 
release pulse and the polymer degradation lime for 
both antigens may indicate the feasibility lo design 
PLA/PLGA-microspheres with well defined pulses 
at any desired lime point. e,g, after 1, 2, 3, 6 months 
etc.^ corresponding to the degradation profiles in Fig. 
2. However, although the onset and maximum of the 
second release pulse were well defined, ihe duration 
of the pulse extended over 2-4 weeks. 

3.4. immune response 

Anli-TT and anti-P30B2 antibody responses were 
detcnnined for all of ihe expcrimenlal groups ai 
intervals of 2-4 weeks, up to week 45 for TT and 
week 28 for P30B2. In this contribution, the immu- 
nological response is expressed in terms of antibody 
liters. 

For Ihe synthetic and weakly immunogenic 
P30B2, ihc microsphere size did not appear to affect 
\he general lime course of antibody dlers, although a 
slightly slower increase of the liters was observed 
with the larger size particles prepared by coacerva- 
tion (Fig. 7). After 6 weeks, however, the two 
microsphere preparations showed very similar pro- 
files. A comparison wiih the profile obtained with the 
IFA-fcrmuladon indicated a kinetic difference in ihc 
immune response. With IFA, ihe aniibody level 
approached ihe maximum 4^6 weeks after immuni- 
zation and started to decrease significantly afier 4 
months. With the microspheres, however, the ami- 
body levels remained elevated over the eoiire lime 
period studied (28 weeks). 

The effect of the polymer type on aniJ^P30B2 
specific aniibody levels is presented in Fig, 8. Here 
again, significant differences between the profiles 
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Fg. 7. Time course of anii-P30S2 antibody response in BALB/c 
mice upon injcclion of 50 M6 3W0B2 in difftrtnl fonrtUlailons 
shOM^ing ihe effect of 4hc microencspsulalion meihMS 9nd the 
relued ppiifclc size: n^y^ntA (+) aod cpacervaicd (O) 
PLGAS0:S0-14 kDii mtcros^hcits, and reference formulation IFA 
(^). Individual curves rcprescni lUc gconiCOTC mcnn of anlibOdy 
tilers obtained from C9ch groop by CUSA. 

were nouced in the carJy slage of ihc imniuoe 
response, Le. during: ihe first 3 months. The fast 
degrading small-sized microspheres (SD- 
PLCA50:50-14 kD5») gave rise to an immediate and 
strong antibody response comparable to IFA- By 
conuasi* the slower degrading PLGA75:25 micro- 
spheres (SD-PLGA75:25-I7 kDa) and, even more, 
the larger size CO-PLA-130 JkDa microsplteres pro- 
duced a more gradual increase in aniibody liters wjih 
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0 30 60 90 120 130 laO 210 
Time (doys) 

F»g. S- Timft course of anii-P30B3 aniibody response in BALB/c 
mice upon injeciiort of 50 P30$l in dirtcrcnt fonnutaiiofts 
'showing ihc effect Of ihe polymer lype and die relaccd rc1ea.sc 
choTJcierisncs: spray-dried PLGA50;50-I4 kPa ( + spray-dried 
PtCA'?5:25.|7 kDy (O) Wwl coacervaicd PLA*I30 kOa <□) 
microjiphere-v and reference formutoiJOn IFA (V). IndividdSl 
corves rtprci^eni ihc gcomelric mean of antibody tiicrs obiftined 
from each group by ELiSA. 



the maximum reached only 6 weeks (for SO 
PLCA75:25.)7 kDa) or 12 weeks (for C0-PLA-13^ 
kDa) after immunization. While for ihe PLGA50:5( 
14 kDa and the PLA-)30 kDa microspheres ih 
aniibody levels remained elevated over the entir% 
period studied, they tended to decrease afler l^ 
weeks posiimmunization in the case of PLGA75:25 
17 kDa, similarly to ihose measured in the IFA 
group. Clearly, the expected release pulse from lh 
PLA polymer after approximately 4 months eiihc 
did ndi maierialize in vin'O or had no effeci on lh 
antibody tiler. For the PLGA50:50-14 kDa an 
PLGA73:25-I7 kDa microspheres, ihe dcierminc 
release pulse was possibly too close to the iniiii 
burst release to exen an influence on the amibod 
tiicrs. In mice, no booster effect could be observe 
with any of the microsphere preparations afler singi 
injection, which contrasts the data of the in viii 
experiments. 

The daia of the immune response unambiguous! 
dcmonstr^ied the immunostimulaiing properties k 
all the microsphere preparations. The observed di: 
ferences between the various forniulalions wei 
essentially limiied lo the kinetics of the early siaj 
antibody response. Larger and slowly degradir. 
microspheres induced aniibody liters more slowl 
ihan Ihc small-sized and fast degrading micr. 
spheres. 

In contrast to the synll^lic P30B2-formij|ation 
the TT microspheres generated more distmct kinei 
aniibody profiles. Typically, the PLGA75:25-]7 VI 
microspheres produced -a vague anii-TT boosu 
effeci bclween days 120 and 180 (Fig. 9). In il 
initial slage of the profiles, a significantly fast* 
antibody response was measured in the group of tl 
.small-sized microspheres (SD.PLGA75:25-17 kD; 
On the other side, the maximum antibody tiicr oi 
duration of the response did not appear to I 
influenced by the panicle size (SD- PLGA75:25-I 
kDa versus CO-PLGA75:25-17 kDa). The micr- 
$phere formulations cliciled antibody responses coi 
parable to those obtained with the convention 
vaccine (TT-olum), 

The influence of polymer composilion on i 
aniibody rcRponse is illustrated in Fig. 10, wi 
large-sized microspheres prepared by coacervali* 
No difference was observed between the two lyp 
of copolymer*, the PLGa50:50 and PL(3A75:25. 
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9. Time course of anii-TT aoubody response in BALB/C 
kx upon injeciion of 20 /ig TT in difrcrent romiutjcions 
lowing ihc effect of ihe miefbenc^p&ulaiion mClhod and (he 
tawd panicle »zc; spray-dried (O) and coacerraicd (•) 
LGA73:23^I7 kDa micf£wpherc$. and reference formulaifon 
iim f^). Individual cuivei reprcscni ihc scomeiric mcqn of 
uibody liieis oUaincd rrom each group by £LrSA. 

:ry slight boosting effect was also noiiccable wilh 
;eparalion PLGA50:50-14 kDa, as pointed out 
ready for ihe PLGA75:25 microspheres. With the 
owly degrading and releasing PLA microspheres, 
iiibody liters increased much slower and reached 
:c maximum level only after abom 220 days. Again, 
slight booster effect occurred beiween days ISO 
)d 220. 

Generally* aH TT microsphere forniulaiions cli- 




0 60 120 100 240 300 560 
Tima (doys) 

:. 10. Time course of unii-TT antibody respond in BALB/c 
:b upon injeciton of 20 Aig TT in JirTerent formulaiions 
i^ift* Kht cfTcci of Ihe polymer lypc aitd the related nHcasc 
•r^cteriMkst c«K}cerv.iicd PLGA50::iO-l4 kOa (+), 
CA75;25-|7 kDa r#) pmi PIJV.I30 k£b (Q) rnicrasphcr^t,' 
I raference fomiulaiian alum (7). Individual cun-es rcprcjicnt 
jfcometric ntcjin of aniiboJy tiiera Qbtdirtcd fiom eairb -rouo 
liU5A. ' *^ 



cited a high antibody response companblB to the one 
obtained wjih the TT adsorbed on alum, and ami- 
body levels remained elevated over a long period of 
lime. Significant dlflerences in antibody levels wen: 
observed only in the early stage of the immunologi- 
cal response* biil not at later limes. The dilTerences 
in antibody titers in the initial phase can be explained 
by boih the two classes of paru'cle sizes us>ed, and by 
the difTerent in vitro aniigcn release kinetics in 
combination with polymer degradation. The small- 
sized microspheres gave generally faster antibody 
response than the larger microsphcrcs (Fig. 9), and 
the slower initial TT-release from PLA- 130 kDa as " 
compared to PLGA50:50-|4 kDa und PLGA75:25- 
17 kDa is reflected by a slower rise in antibody 
levels (Fig. iO). 



4. Discussion 

To rationalize the design of antigen delivery 
microspheres, this study aimed al a better under- 
standing of the correlation between relevant micro- 
sphere characicrisiics, such as degradation iime» 
particle size and release proiile, on the one side, and 
the dme course of the immune response, on the other 
side. Although an increasing number of studies on 
antigens microencapsulated into biodegradable 
microspheres have been published over the past 5 
years, only very few have made aiiempts to investi- 
gate the influence of relevant microsphere charac- 
teristics on (he immunological response (1,30,31]. 

The powibilily of controlling antigen release 
through the degradation lime of polymeric micro- 
spheres represents an atrraciive feature for antigen 
delivery. As polyester degradation mechanisms and 
time depend on processing conditions and sample 
dimensions, data obtained from native polymer pow- 
der or particular forms of implants arc noi necessari- 
ly representative for microsphere erosion [24J, 
Therefore, an in vitro degradation study was con- 
ducted with a scries of PLA- and PLGA-bascd 
microspheres prepared by coacervaiion. The degra- 
dation profiles showed a uniform and consisTent 
pattern revealing the importance of polymer hydro- 
phoblciiy and molecular weight (Fig. | and Fig. 2). 
An increasing number of glycolide units renders the 
polymer more hydrophilic. resulting in a more 
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pronounced water upiakc [2l,27,3S). With increasing 
hydra[ion, (he glass iransiiion lemperaiure, T^^ de- 
Cfca5ics beJo^ ihe incubanon tcmpcraiure of 37**C, 
shifiing ihe PtGA chains inio o rubbery stale and 
fadlilalinfi hydrolyiic cleavage 118). Polyester hy- 
drolysis was reported to occur prior to polymer mass 
Joss, whereby, in genera), ihe change in M^. follows 
first-order kinetics 125]. Our data suggest thai such 
an exponential decrease 5s noi observed from the 
very beginning but follows a lag period of several 
day.% 10 several weeks wfih Utile change in A?^.. 
occurring. For the low and in'ermcdiaic molecular 
weight microspheres, ihis initial phase primarily . 
depends on \be type and hydrophiliciiy of the 
polymer, A more pronounced change in M^. in the 
first few weeks was noticed though for the high 
molecular weight PLA. This finding is consistent 
with the reported observation of a faster degradation 
rate in high molecular weight polymers [21 J. The 
different degradation kinetics between FLA- 14 kDa 
and PLA-130 kDa might be explained by the sub- 
stantial amount of residual solvents present in the 
PLA-130 kDa (3% DCM and 5% OMCTS), as 
compared to PL A- 14 kDa microspheres (0-2% DCM 
and 1% OMCTS), contributing to a decrease of 
and, hence, facilitating water uptake into the parliaUy 
rubbery polymer bulk [34], 

The accelerated degradation rate in the terminal 
stage of the profiles is in agreement with other 
reports and has been explained by the pr&sence of 
increasing amounts of acidic degradation products or 
of Nat ions from the buffer [16;i3,28,391. More 
specifically, autocaialysis by acidic oligomers ac- 
cumulated in the polymer bulk due to their reduced 
diffusion and dissolution characteristics at low pH 
has been suggested (25]. Jn our degradation experi- 
ments, the medium was regularly replaced by fresh 
buffer. Nevertheless, in the later stage of degra- 
dation, the buffer capacity was not sufficient to 
stabilize the pH around 7. In a recent study, un- 
ambiguous evidence was provided that the pH 
lowered by degradation products altered the degra- 
dation kinetics of microsphea^s [28]. This fact was 
illusiralcd by the large differences in the erosion 
profiles betv^een panicles kept either at constant pH 
in a didlysi.s bag or under non-constant pH conditions 
in buffered saline; becoming increasingly acidic 
through the accumulation of degradation products. 



Knowledge of the polymer degradation lim- 
enabled the selection of appropriate polymers f 
antigen microencapsulation, which were expected 
provide release pulses after I, 2 and 4-6 monil 
The jflriking concurrence between the polymer dcgi 
daiion lime (Fig. 1 and Fig. 2) and the secoi. 
antigen release pulse of both antigens studied (Fl^ 
4-6) is of prime importance for programming p 
tential booster doses from this delivery system. Tl 
possible mechanisms responsible for the pulsaii 
relea.sc behavior of peptides and proieire; from PL/ 
PLGA microsphci-e.s have been discuMScd by scvc* 
authors 1 13,26,27,40). The three disiinci phases 
protein release observed have been described as t 
the initial burst relea.se with the diffusion of acti 
compound located near the microsphere surfa 
during polymer hydration, (ii) the latency phase wi 
inhibited diffusion, and (iii) Ihe release pulse due 
biodegradaiion and polymer mass erosion. It 
generally assumed that in the latent phase some lyi 
of interactions between iJie negatively charged pol 
meric carboTiyl groups and the protein roust reta 
the active compound. Specifically, an ion exchan, 
mechanism has been suggested (27). If it is inde 
this mechanism which is mainly controlling I 
release of the actual antigens, the timely differen 
in the appearance of the second release pulse h 
iween TT and P30B2 might be explained by lh» 
molecular weight difference. The larger TT (1: 
kDa) must exhibit^ at a given pH^ a higher density • 
amTnomum groups able to interact with the po) 
meric carboxyl groups, as compared to the 16 kl 
P30B2. This would , indeed resuh in a strong 
interaction with the larger TT. The fprmation of . 
ionic complex between the carboxyl group carryi 
polymer and the protonated protein is, in gener 
expected within the approximate pH-range of 3 J 
5^, close to or below the pi of the protein (e-gu p/ 
TT - 5.1), and above the p/f. of the glycoHc a 
lactic acids. In the case of charge separation on l 
protein, reaction with the anionic oligomers may al 
occur at higher pH. With respect to polymer degi 
dation. this may signify thai proteins of a smalt 
size or of a lower pi will dissolve from the ioi 
oligomer-prolein complex at an earlier stage tl 
larger proteins. 

This interpreution of the latency phase obser\ 
in this sludy suggests a pH-microenvironment insi 
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ne polymer panicles wich a lower pH than rha( of 
he release medium. Such an acidic microcnviron- 

.l"In!"'t ""^ «"8g«ied by oiber authors 

16.291. The generation of high amounis of acidic 
•egradaiion products inside the microspheres or in 
■le incubation medium has caused well founded 
onccms about the stability of unrcleased and re- 
•ased proteins f4,16.28.29J. With .he analyiicaJ 
tcjhods used here, no degradation of ihe two 
ftUgens could be detected. This does not mean 
owever, that alteration of antigenicity or cvea 
nmunogeniciiy may be excluded during the release, 
hus. a much more complete set of analytical 
lethods would have to be used to detect degradation 
•levam for the Wological activity. Previous studies 
y our group and by others have focused on TT- 
ability in aqueous solutions and under freeze-dry- 
■g conditions {4.41], Presently, several groups are 
ivesugating intensively TT stability within biode- 
•adable microspheres. As TT is not likely to 
• drolyze under the actual release conditions, co- 
ilent mtermolecular bonding or simple physical 
gregation between TT molecules or between TT 
id oligomers are also considered. 
In addition to the pulsatile antigen release the 
•rticle size is generally expected to influence the 
imune response. It was shown that small-sized 
rticles. i.e. <10 fttn. are very efficiently taken up 

macrophages mutttng in improved antigen pre- 
matron and. enhanced adjuvant effect [42,43]. Our 
«a emphasize that the particle size, within the 
igc tested, exerts no effect on the maximum 
"body titers nor on the duration of the response 

otecrved. however, that small microspheres, e.* 
>-PLOA50:50-l4 fcDa. elicited 5- to lO-foId higher 
tibody titers at early time points than those de^ 
ted with larger microspheres. Subsequently, anli- 
dy titers in the large-sized microsphere groups 
san to rise so thai no significant difference existed 
iween small and larger microspheres after several 
mths (Rgs. 9 and lOX which is in agivemcni with 
icr .studies (43). 

riie ability of a single injection of microspheits to 
•vide distinct and timely release pulses of mi- 
encapsulated amigen may gi^atly facilitate future 
cine development. The antibody response ob- 
led with difPtrent forTrulailons during the time 
•rval tested leflects, to some extent, the rfcfease 



143 

properties of the microspheres. However, the release 
pulses measured in vitro induce only a vague booster 
erred in mice. It is not clear yet if this is a 
consequence of nn inappropriate oaset of the release 
pulses, the extended duration of the pulses, or the 
loss of immunogcnicity of the antigens at later lime 
points. To our knowledge, no unambiguous booster 
effect after singjc parenteral administration has been 
shown JO far in simllju- type of investigations 12,30], 
Considering all of the individual microsphere pi«pa- 
rations, no essential differences were observed in the 
maximum antibody responses. In a previous study by 
our group, we have shown that the use of micro- 
sphere mUlurcs consisUng of different types of 
polymeric microspheres produce subsianlially 
stronger immune responses than the individual 
microsphere types [36]. Besides the very high and 
sustained antibody titers. T-ccIl proliferaUve rc- 
spoiises were greatly enhanced in the groups of mice 
receiving a single iiyection of a microsphere mixture 
Clearly. 43 weeks after immunization, the prolifer- 
ative response of ihc microsphere mixture group and 
the group having received three injections of alum 
adsorbed TT (at weeks 0. 5 and 16) was comparable. 
Aldiough the microsphere mixtures elicited greatly 
enhanced and more prolonged immune responses, 
there was po indication of a booster effect This' 
might indicate that the overlapping of the release 
pulses from (he different individual micro.spheres 
types may not only enhance the maximum response, 
but may hide siriiultaneously any booster effects. 

5. CoiKlusiuns 

With the two antigens studied, the natural tetanus 
toxoid (TT) and a weakly immunogenic malaria 
peptide (P30B2), a dear correlation between the in 
vitro polymer degradation and the in vitro antigen 
release profile was found. Antigen release follows a 
pulsatile pattern with a first pulse representing the 
so-called burst effect and a second pulse determined 
by the polymer degradation time. The antigen con- 
taining micru-sphcres exerted an important immuno- 
siimulating etlcct in lernis of antibody re-tponse 
Antibody titers remained elevated over die entire' 
lime period snjdied, i.e. up to 45 weeks, and were 
comparable (o the P30B2 in IFA and TT on alum 
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However ihe pulsaiiJe in vhto release profile gener- 
ated only a slight boo&ling clTcci in vivo. Noneibc- 
less, ihe time course in antibody titers could be 
explained, at least partly, by the particle $izc and the 
release behaviour. A slower increase in antibody 
titers was observed with ihe microspheres of larger 
size or exhibiting a slower release. Immediate and 
highest antibody levels were elicited with the small- 
sized fast degrading microspheres. 
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